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Comparative anatomy of hind-limb morphology associated with aquatic 
adaptation among Mustelidae 
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Abstract 
This study investigated the morphological trends associated with the 
aquatic tendency in closely related species of Mustelidae: sea otter 
Enhydra lutris, Eurasian river otter Lutra lutra, American mink 
Neovison vison, Japanese weasel Mustela itatsi, and Siberian weasel M. 
sibirica. Mustelidae exhibit high diversity in their ecology and their 
locomotor types are categorized into three groups: terrestrial, 
semi-aquatic, and aquatic. The aquatic tendency was determined in these 
five species based on ecological data. The order of the aquatic tendency 
from high to low was as follows: E. lutris, L. lutra, N. vison, M. itatsi, and 
M. sibirica. The myologies of these species were determined and compared 
qualitatively. Three muscles in E. lutris, i.e., gluteus superficialis, 
caudofemoralis, and tensor fasciae latae, were fused and they may act as a 
femur abductor. A comparison of the masses of the hind-limb muscles 
showed that the gluteus superficialis group, fibularis group, and popliteus 
of E. lutris were remarkably larger than those of the other species. The 
increased mass of the muscles in the distal part of the hind-limb was 
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confirmed in terrestrial and semi-aquatic Mustelidae in the order of their 
aquatic tendency. I compared the lengths of the bones related to the 
hind-limb, i.e., the pelvis, femur, and tibia, among the five species. The 
relative length of the femur was lower in the species with higher aquatic 
tendencies. The relative length of the ilium was highest in E. lutris. A 
carcass of E. lutris was scanned using a medical diagnostic CT scanner, 
and the maximum abduction angle of the femur was measured. The 
results showed that E. lutris possessed the highest degree of femur 
abduction. Thus, I determined the specific functional morphological 
characteristics of E. lutris as a fully aquatic species based on the muscle 
descriptions, muscle masses, bone measurements, and the maximum 
degree of femur abduction. I suggest that E. lutris has an adaptive status 
that is separated discontinuously from the other Mustelidae species. The 
results indicate that there were obvious differences in the hind-limb 
morphology of E. lutris and other semi-aquatic Mustelidae. This suggests 
that E. lutris may be situated in an adaptational status that is 
discontinuously separated from the other Mustelidae species. The 
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morphological characters of E. lutris observed in this study demonstrates 
its discontinuous adaptation, which suggests that its unique method of 
swimming includes the abduction of femur.
Table of contents 
General introduction ................................ ................................ . 7 
Chapter 1 Descriptions of hind-limb muscles ............................... 12 
Introduction ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
Materials and methods ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 
Results .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
Lutra lutra.......................................................................................................15 
Enhydra lutris.................................................................................................44 
Neovison vison, Mustela itatsi, and M. sibirica ............................................47 
Discussion ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 
Chapter 2 Interspecific comparisons of muscle masses ................... 56 
Introduction ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 
Materials and Methods ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 
Specimens........................................................................................................58 
Muscle mass measurements...........................................................................58 
Definition of the aquatic tendency .................................................................59 
Statistical analysis..........................................................................................60 
Results .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
Discussion ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
Chapter 3 Interspecific comparisons of bone measurements............. 71 
Introduction ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 
Materials and Methods ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 
Specimens........................................................................................................72 
Skeletal length measurements.......................................................................73 
Definition of aquatic tendency .......................................................................74 
Statistical analysis..........................................................................................74 
Results .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 
Discussion ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 
Chapter 4 Measurement of the maximum degree of femur abduction 
using CT scans................................ ................................ ....... 84 
General discussion ................................ ................................ .. 85 
 6 
Acknowledgments ................................ ................................ ... 89 
References ................................ ................................ ............ 91 
Tables and figures ................................ ................................ 103 
 7 
General introduction 
Most mammalian species can swim when they are placed in water. 
However, the refinement of this locomotor activity varies according to the 
characteristics of different animals. Morphological, physiological, and 
behavioral differences along the terrestrial-aquatic gradient are 
associated directly with swimming performance (Fish 2001). For example, 
dolphins (Cetacea) swim at high speed because of their streamlined body 
and crescent fluked tail; however, they cannot walk on the ground. By 
contrast, the American beaver Castor canadensis possesses webbed hind 
paws, a flat body, and an oar-like tail. They can swim and dive well in 
rivers, but they can also move rapidly on the ground. Thus, they are 
considered to be morphologically intermediate between terrestrial and 
aquatic mammals (Allers and Culik 1997). Therefore, animals that depend 
on aquatic habitats have morphological characteristics that suit their 
level of dependency. 
Since the end of the 19th century, researchers have intensively 
studied the morphology of the appendages of aquatic and/or semi-aquatic 
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mammals (Kükenthal 1891; Osburn 1906; Taylor 1914; Howell 1930; 
Smith and Savage 1956; Gambarjan and Karapetjan 1961; Tarasoff 1972; 
Tarasoff et al. 1972; Stein 1988; Fish 2001; Samuels et al. 2013). Osburn 
(1906) compared the limb bones of extinct marine reptiles with those of 
extant mammals that are highly adapted to aquatic habitats: cetaceans, 
sirenians, and pinnipeds. He noted that the morphological trends were 
associated with aquatic adaptations in these animals (Osburn 1906). 
Taylor (1914), Howell (1930), Gambarjan and Karapetjan (1961), Tarasoff 
(1972), and Tarasoff et al. (1972) compared the morphology of pinnipeds 
with that of Lutrinae species, i.e., sea otter Enhydra lutris, the Eurasian 
river otter Lutra lutra, and/or the North American river otter Lontra 
canadensis. They analyzed the morphological trends based on an 
assumption that the level of aquatic adaptation in pinnipeds is higher 
than that in Lutrinae, and the trends were continuous in one direction 
from terrestrial to aquatic. These studies should have considered the 
habitats of fossil animals. However, these comparisons identified the 
following problems: 1) It appears that the morphological differences 
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between pinnipeds and Lutrinae are affected strongly by their phylogenies. 
The pinnipeds are a sister clade of the Mustelidae and/or the Ursidae; 
however, pinnipeds separated from them 50 million years ago during the 
Eocene (Flynn et al. 2005; Hammond et al. 2012). 2) The swimming 
methods of the pinnipeds differ greatly from those of the Lutrinae. The 
pinnipeds utilize lateral undulation when they swim, whereas Lutrinae 
species swim via dorsoventral undulation (Howell 1930; Tarasoff 1972; 
Taylor 1914; Fish 1996, 2001). 3) E. lutris is already a fully aquatic species 
because it can sleep, feed, and reproduce on the sea without ever landing 
throughout its lifetime (Kenyon 1969; Love 1990).  
To understand the morphological trends associated with the aquatic 
lifestyle and to address these problems, it is necessary to compare the 
morphologies of phylogenetically closely related species. Stein (1981) 
attempted to elucidate the systematic relationships within a taxonomic 
group and indicated the morphological changes associated with a 
semi-aquatic way of life, where she compared two marsupial species: the 
opossum Didelphis and the water opossum Chironectes (Stein 1981). In 
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addition, Stein (1988) attempted to confirm the trend in semi-aquatic 
morphology in other clades, where she compared the myology and 
osteology of two terrestrial rodents (Neotoma and Sigmodon) with those of 
three semi-aquatic rodents (Nectomys, Ondatra, and Oryzomys). She 
identified trends in the shortening of the femur and increases in the size of 
the gluteus medius muscle in semi-aquatic species. However, these 
comparisons did not include fully aquatic species. 
The Mustelidae is a family in Carnivora and its members are 
distributed widely throughout the world, except for Antarctica, Australia, 
New Guinea, and Madagascar. This family also has the most varied 
ecologies and/or locomotor types among the mammals: terrestrial, 
fossorial, scansorial, semi-aquatic, and aquatic (Wilson and Reeder 2005). 
Indeed, Mustelidae is a unique family that includes species with three 
ecological types: terrestrial, semi-aquatic, and aquatic. 
In this study, I investigated the morphological trends related to the 
aquatic tendency among closely related species in the Mustelidae. This 
thesis comprises four chapters. In the first chapter, the myological 
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characteristics are described. The second chapter compares the muscular 
weights and scales. The third chapter presents an osteometric 
examination and comparison of the skeletal elements. The fourth chapter 
presents an interspecific comparison of the maximum angles of femoral 
abduction, which were observed using a CT scanner. 
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Chapter 1 Descriptions of hind-limb muscles 
Introduction 
A description of the myological characteristics of the mammalian 
postcranium is necessary to understand the locomotion strategy. An 
interpretation of the relationship between morphology and its function 
facilitates a better understanding of the specific functions and alternative 
movements related to different locomotor modes as well as other motor 
activities performed by an individual in its natural environment. We can 
understand the specific functions and alternative movements related to 
the different types of locomotion (e.g., running and swimming) performed 
by an individual in its natural environment based on morphofunctional 
interpretation (Gambaryan and Hilary 1974; Hildebrand 1988). 
The musculoskeletal traits of the Mustelidae species have been 
described and illustrated to facilitate a better understanding of the 
relationships between the morphology and ecology of species and/or the 
potential sources of phylogenetic information for the following: lesser 
grison Galictis cuja (Ercoli et al. 2013), American mink Neovison vison 
(Klingener 1979), North American river otter L. canadensis (Fisher 1942), 
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and sea otter E. lutris (Howard 1975). The hind-limb of L. lutra was 
dissected by Haughton (1867), Lucae (1875), and Windle and Parsons 
(1898). However, the origins and insertions of the muscles were not 
described and an illustration was only drawn for the interosseus muscles 
by Windle and Parsons (1898).  
In this first chapter, I describe the muscle structures of the hind-limb 
in L. lutra. Four species, i.e., Siberian weasel Mustela sibirica, Japanese 
weasel Mustela itatsi, N. vison, and E. lutris, were also dissected and, 
partly described. 
 
Materials and methods 
All of the specimens had been stored in freezers. After defrosting and 
removing the adipose and connective tissues, the left side of the hind-limb 
muscles related to motion (i.e., thigh, crus, and foot) were dissected. The 
muscles were gross anatomically isolated, photographs were taken with a 
digital camera (Nikon D80), and descriptions were made. The terminology is 
based on Fisher (1942), Howard (1975), Klingener (1979), and Evans (1993).  
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Specimens of five species, i.e., L. lutra, E. lutris, N. vison, M. itatsi, 
and M. sibirica, were used in this study (Table 1-1). The same specimens 
were used to compare the muscle masses, as described in the next chapter. 
I dissected and described the five individual of L. lutra collected by the 
Association for Korean Otter Conservation (AKOC). In total, 47 whole 
hind-limb muscles were isolated and described about L. lutra, but fewer 
muscles were described about the other four species. In E. lutris, the 
gluteus superficialis, caudofemoralis, tensor fasciae latae, biceps femoris 
and semitendinosus are regarded as critical traits in this organism, and 
they have been described about four specimens, however, the flexor tarsus 
has never been described in previous studies. The myological specimens of 
E. lutris were stored in the following collections: the collection of the 
University Museum of the University of Tokyo (UMUT) and Sen-ichi Oda 
private collection. For the three Mustelinae species of M. sibirica, M. itatsi, 
and N. vison, 17 individuals were dissected and four muscles were 
described: gluteus superficialis, caudofemoralis, tensor fasciae latae, and 
semitendinosus. The myological specimens of the Mustelinae were stored 
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in the following collections: the collection of the University Museum of the 
University of Tokyo (UMUT), the collection of the National Museum of 
Nature and Science, Tokyo (NSMT), the collection of Kanagawa 
Prefectural Museum of Natural History (KPM), and Satoshi Suzuki 
private collection.  
 
Results 
Lutra lutra 
Variations were observed in the following seven muscles: gluteus 
superficialis, tenuissimus, caudofemoralis, semitendinosus, soleus, and 
peloneus longus. The muscles of the hind-limb of L. lutra are described 
below. 
1. Gluteus superficialis (Fig. 1-1) 
This is one of the most superficial muscles on the lateral side. This 
muscle could not be separated from the caudofemoralis in two specimens 
(AKOC10006, AKOC 10039). 
ORIGIN. The origin of this muscle is broad tendinous seat which 
started from caudal side of the ilium, covered the whole sacral vertebras 
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and the first caudal vertebra. This tendon continued to that of the 
caudofemoralis in the caudal part.  
INSERTION. The insertion of this muscle can be divided into two 
regions. The anterior part of the insertion of this muscle is fascia-like 
tendon covered the vastus lateralis and continued to the tendon of the 
tensor fasciae latae. The posterior part of that is relatively thick-flat 
tendon and is inserted into the distal-lateral end of the greater trochanter.  
 
2. Gluteus medius (Fig. 1-2 and -6) 
This is a short thick muscle on the iliac wing below the gluteus 
superficialis. The piriformis is completely fused with this muscle. It seems 
impossible to divide these muscles. 
ORIGIN. Two origins are present in this muscle: the gluteus part and 
the piriformis part. The former part arises from broad area of the iliac 
wing by fleshy fibers. The later part originates from the transverse 
process of the sacrum ventrally. This part courses, almost fills up the 
greater sciatic notch and covers over the ischial nerve. 
 17 
INSERTION. The two heads are fused and inserted at the proximal 
face of the greater trochanter by short strong tendon. 
 
3. Gluteus profundus (Fig. 1-3, -6 and -7) 
This is a small triangular muscle and arranged below the gluteus 
medius. 
ORIGIN. By tendinous and fleshy fibers, the origin arises from 
ventral edge and lateral face of the iliac wing. This area is next to both 
origins of the tensor fasciae latae and the iliocapsularis. 
INSERTION. The insertion attaches at the anterior-proximal face of 
the greater trochanter below the insertion of the gluteus medius and next 
to that of the iliocapsularis by short tendon. 
 
4. Iliocapsularis (Fig. 1-3) 
This is a small and triangular muscle which covers over the articular 
capsule of the hip joint dorsally. The muscle is arranged between the 
gluteus profundus and the gemelli. 
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ORIGIN. This muscle is arisen from dorsal edge of the acetabular rim 
by fleshy fibers adjacent to the origin of the gemelli. 
INSERTION. A short tendon attaches at the anterior-proximal face of 
the greater trochanter next to the insertion of the gluteus profundus. 
 
5. Gemelli (Fig. 1-3, -4 and -11) 
This muscle can be separated into the anterior and posterior portions 
by the tendon of the obturator internus. 
ORIGIN. In the anterior part, the fleshy fibers originate from an 
anterior half of the ischial body dorsally. In the posterior part, the origin 
arises from a posterior half of the ischial body to the adjacent to the ischial 
tuberosity. 
INSERTION. The short flat tendon of the both part of the gemelli and 
the tendon of the obturator internus fuse and terminate in the 
trochanteric fossa. 
 
6. Quadratus femoris (Fig. 1-3, -4, -7, -8, -9 and -10) 
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This is a short stripe shape muscle. 
ORIGIN. The muscle arises from adjacent to the origin of the 
semimembranosus, where the muscle arises by fleshy fibers. 
INSERTION. The insertion attaches at the caudal area of the 
trochanteric fossa. 
 
7. Obturator externus (Fig. 1-4 and -10) 
This is a thin and round fan-like muscle which covers over the almost 
whole area of the obturator foramen externally. 
ORIGIN. Fleshy fibers arise from the edge of the obturator foramen 
and the obturator membrane. 
INSERTION. Short strong tendon terminates in the trochanteric 
fossa. 
 
8. Obturator internus (Fig. 1-3, -4 and -11) 
This is a small, flat and fan-shape muscle. This muscle covers the 
caudal one-fifth of the obturator foramen internally. 
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ORIGIN. The origin arises from the ischial edge of the obturator 
foramen to the half of the ischial table next to the posterior part of the 
gemelli by fleshy fibers. 
INSERTION. A long tendon is inserted into the trochanteric fossa 
together with the tendon of the gemelli and obturator externus. 
 
9. Iliopsoas (Fig. 1-5, -6, -7, -8, -9 and -10) 
This is a large complex muscle. In general, this muscle can be 
separated into two muscles; the psoas major and the iliacus. However, the 
muscle of L. lutra is completely fused and cannot be separated. 
ORIGIN. There are two regions of the origins: the iliac part and the 
lumbar part. The former part is smaller and originates from the ventral 
aspect of the iliac body. The latter part is bigger and originates from the 
level of the third lumbar vertebra or later vertebras at ventral aspect of 
the each transverse process.  
INSERTION. The two muscles fuse and inserts at the lesser 
trochanter of the femur. The insertion is covered by pectineus ventrally. 
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10. Tensor fasciae latae (Fig. 1-1, -2, -3, -6 and -7) 
This muscle is a tetrahedron-shaped and one of the most superficial 
muscles on the lateral side between the sartorius and the gluteus 
superficialis.  
ORIGIN. The muscle originates from the ventral edge of the iliac wing 
as thin fleshy portion.  
INSERTION. The insertion covers the quadratus femoris and 
terminated on the patella as fascia lata. 
 
11. Biceps femoris (Fig. 1-1) 
This is one of the most superficial muscles on the lateral side between 
the caudofemoralis and the semitendinosus. The muscle is fan-shape and 
spread out toward the insertion.  
ORIGIN. The origin arises from the ischial tuberosity by fleshy 
attachment.  
INSERTION. This muscle inserts lower leg laterally from the patella 
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to above the ankle by thin broad aponeurosis.  
 
12. Tenuissimus (Fig. 1-1 and -2) 
This is a long narrow strap-shape muscle. Two heads of the muscle 
existed in the two specimens (AKOC10020, 10001). 
ORIGIN. The origin of this muscle is covered by that of the 
caudofemoralis and arises from the fascia of caudal muscles from the level 
of between the first and second caudal vertebrae. The extra head 
originates from the ischial tuberosity under the biceps femoris. The both 
heads course toward the ankle independently, and fuse just at the 
insertion. 
INSERTION. This muscle inserts on the tendon of the gastrocnemius 
and the lateral side of the calcaneus by fascia like attachment.  
 
13. Caudofemoralis (Fig. 1-1) 
This is one of the most superficial muscles on the lateral side. This 
muscle could not be separated from gluteus superficialis in two of 
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specimens (AKOC10006, AKOC 10039). 
ORIGIN. The origin of this muscle is partly covered by the origin of 
semitendinosus and arises from the fascia of deep caudal muscles from the 
level of the first and second caudal vertebras.  
INSERTION. The insertion spreads to the three fifths of caudal edge 
of the femur. The most distal part of this muscle inserts on the surface of 
the fascia of the vastus lateralis as a narrow-thin tendon. 
 
14. Semitendinosus (Fig. 1-1, -2, -5, -6, and -7) 
This is one of the most superficial muscles on the lateral side. This 
muscle has two heads: the vertebral head is fan-shape spread and 
relatively thick part. The pelvic head is strap-shape and relatively narrow 
part. 
ORIGIN. The caudal head arises from the fascia of the superficial 
muscle on the caudal from the level of the second and third caudal 
vertebra as a broad thin tendon. In the only specimen (AKOC10006), a 
part of the vertebral head arises from the transverse process of the third 
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caudal vertebra as a thin fleshy portion. In whole specimens, the pelvic 
head arises from the posterior rim of the ischial tuberosity as a fleshy 
portion. The both heads fuse at the level of the one third from the terminal 
of the caudal head, and a tendinous intersection is shown at the fusing 
level of the two head. 
INSERTION. The fused muscle inserts to the medial side of the crest 
of the tibia next to the distal side of the insertion of gracilis as a short flat 
tendon. 
 
15. Semimembranosus cranialis (Fig. 1-2, -3, -5 and -6) 
This is a thick fleshy muscle. This muscle is covered the gracilis 
medially.  
ORIGIN. The origin arises from the ischial table between the both 
origins of the adductor and the semimembranosus caudalis. This is a 
bundle of fleshy fibers and large attachment. 
INSERTION. The insertion terminates from just above to side of the 
origin of the medial collateral ligament by large faced fleshy fibers. 
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16. Semimembranosus caudalis (Fig. 1-2, -3, -5 and -6) 
This is a thick fleshy muscle as with the semimembranosus cranialis. 
ORIGIN. This muscle originates from the ischial table next to the 
origin of the semimembranosus cranialis by fleshy fiber attachment. 
INSERTION. This muscle inserts the side of the insertion of the 
medial collateral ligament next to the insertion of the semimembranosus 
cranialis. This terminal is a short and narrow tendinous attachment 
differently from that of the semimembranosus cranialis. 
 
17. Presemimembranosus (Fig. 1-2 and -3) 
This is a fleshy stripe muscle at the backside of both muscles: the 
caudofemoralis and the tenuissimus. The ischial nerve catches between 
the caudofemoralis and this muscle. 
ORIGIN. The origin is at the edges of the first and second caudal 
vertebrae by thin flat aponeurosis. 
INSERTION. The insertion terminates between the both insertions of 
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adductor femoris and caudofemoralis at the caudal aspect of the body of 
the femur. 
 
18. Sartorius (Fig. 1-1 and -5) 
This is fleshy stripe-shape muscle and the most cranial part of the 
thigh. 
ORIGIN. The origin is the iliac crest broadly by fleshy short tendinous 
fibers.  
INSERTION. The muscle courses through over the rectus femoris and 
the insertions of the both semimembranosus toward the tibia medially. 
The insertion attaches from the medial side of the patella to tibial crest 
next to the insertion of the gracilis.  
 
19. Gracilis (Fig. 1-5) 
This is broad, flat and one of the most medial side muscles of the crus. 
ORIGIN. The muscle originates from the side of the pubic symphysis 
by fleshy fibers. The origin covers the origins of the adductor and the 
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semimembranosus cranialis. 
INSERTION. The insertion attaches the medial aspect of the tibial 
crest between the insertions of the sartorius and the semitendinosus by 
flat short aponeurosis. 
 
20. Adductor femoris (Fig. 1-5 to -9) 
This is a large triangular muscle. This muscle can be divided into two 
part; the external and internal portions. 
ORIGIN. The origin arises from the ventral part of pubis just under 
the origin of the gracilis. The both external and internal origins are 
arranged parallel by thin fleshy fibers. 
INSERTION. The external part terminates at the caudal-distal end of 
the femoral body as fleshy fibers. The internal part possesses a long 
insertion by fine tendinous fibers. The part is inserted at the caudal aspect 
of femoral body from next to the insertion of the quadratus femoris to just 
before that of the external part and next to the vastus femoris medialis. 
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21. Adductor longus (Fig. 1-2, -3, -5, -6, -7, -8 and -9) 
This muscle is a triangular-shape and arranged between the adductor 
femoris and the pectineus. 
ORIGIN. The origin arises from anterior rams of the pubis next to the 
pectineus by fleshy fibers. 
INSERTION. The insertion terminates at the caudal aspect of the 
femur by fine tendinous fibers between the both insertions of the internal 
part of the adductor femoris and the pectineus parallel with them.  
  
22. Pectineus (Fig. 1-5, -6, -7, -8 and -9) 
This is a small triangular muscle and covers over the insertion of the 
iliopsoas. 
ORIGIN. This muscle originates from the anterior rams of the pubis 
next to the origin of the adductor longus. 
INSERTION. The insertion covers up the proximal caudal aspect of 
the femur body by fleshy fibers and aponeuroses next to both insertions of 
the iliopsoas and quadratus femoris. 
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23. Rectus femoris (Fig. 1-2, -3, -4, -5, -6, -7, -8, -9, -10 and -11) 
This is a large spindle-shape muscle and a biarticular muscle which 
connects pelvis and patella. 
ORIGIN. The origin arises from the lateral side of the body of ilium by 
short strong tendon. This origin exists between the gluteus profundus and 
the origin of the iliopsoas. 
INSERTION. The insertion attaches at the patella between the 
insertions of both vastus lateralis and vastus medialis by short strong 
tendon. 
 
24. Vastus lateralis (Fig. 1-1, -2, -3 and -4) 
This is one of the vasti muscles and larger than the vastus medialis. 
ORIGIN. The origin arises from the cranial part of the greater 
trochanter to a proximal half of the lateral side of the femoral body by 
fleshy fibers. 
INSERTION. The insertion is at the patella laterally next to the 
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insertion of the rectus femoris. 
 
25. Vastus medialis (Fig. 1-5, -6, -7, -8, -9 and -10) 
This is one of the vasti muscles and smaller than the vastus lateralis. 
ORIGIN. The origin arises from a proximal half of the medial side of 
the femoral body by fine aponeurosis. 
INSERTION. The insertion is at the patella medially next to the 
insertion of the rectus femoris. 
 
26. Gastrocnemius (Fig. 1-2, -3, -5, -6, -7, -12, -13 and -14) 
The muscle possesses two head: the medial and lateral head. The 
medial head is a larger part than the lateral one. The muscle covers over 
whole part of the calf caudally. 
ORIGIN. The medial head arises from the proximal side of the medial 
condyle of the femur. The lateral head originates from the proximal side of 
the lateral condyle of the femur. The latter origin is just adjacent to that of 
the plantaris laterally. 
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INSERTION. The muscle fibers of the both heads attach same 
aponeurosis, which becomes to a strong tendon and terminates on the 
calcaneal tuber. 
 
27. Plantaris (Fig. 1-2, -3, -5, -6, -7 and -12) 
This is a fusiform muscle and courses toward the calcaneus parallel 
with the lateral head of the gastrocnemius just below it.  
ORIGIN. A short strong tendon originates from the lateral condyle of 
the femur. The origin is present at the adjacent to the lateral head of the 
gastrocnemius. 
INSERTION. This muscle courses medial side of the terminal tendon 
of the gastrocnemius. After that, the tendon goes through a concave at the 
tuber calcanei and continues to the flexor digitorum brevis directly at the 
sole of the foot. 
 
28. Soleus (Fig. 1-2, -3 and -8) 
This is a tiny slender muscle under the gastrocnemius and next to the 
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plantaris. 
ORIGIN. The origin arises from the caudal proximal end of fibula by a 
long fine tendon. However, in one specimen (AKOC 10022), this muscle 
originates from the proximal end of the lateral condyle of the femur 
between both origins of the plantaris and the lateral head of the 
gastrocnemius. 
INSERTION. The insertion attaches on the proximal part of the tuber 
calcanei by fleshy fibers. 
 
29. Popliteus (Fig. 1-5, -6, -7 and -8) 
This is a strong triangular muscle at the posterior side of the knee 
joint. The muscle is covered over the gastrocnemius, the plantaris and the 
soleus. 
ORIGIN. The origin arises from the lateral epicondyle by a short 
strong tendon, which partly attaches to the lateral side sesamoid of the 
lateral meniscus. 
INSERTION. This muscle is inserted at proximal half of the caudal 
 33 
side of the tibia.  
 
30. Flexor digitorum longus (Fig. 1-5, -6, -7, -8, -9, -13 and -14) 
This is a flat muscle and one of the deep digit flexors. 
ORIGIN. This origin mainly arises from the caudal aspect of the head 
of the fibula by fleshy fibers. And then, this muscle originates also from 
the tibial edge of the interosseous part of the flexor hallucis longus and 
middle part of the tibia by tendinous and fleshy fibers. 
INSERTION. The long strong tendon passes the distal caudal groove 
of tibia over the tendon of the tibialis caudalis, and merges into the tendon 
of the flexor digitorum hallucis at the level of the talocalcaneonavicular 
joint. The merged tendon splits into five tendons. Finally, the tendons 
course through sheaths at the level of the middle phalanges and terminate 
to volar base of each distal phalanx. 
 
31. Flexor hallucis longus (Fig. 1-4, -5, -6, -7, -8, -9, -10, -13 and -14) 
This is a flat muscle and one of the deep digit flexors. This muscle is 
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much bigger than the flexor digitorum longus. 
ORIGIN. The origin arises from the caudal plane of the whole fibula 
and from medial ridge of the tibia by tendinous and fleshy fibers. The 
lateral half of the muscle is covered by flexor digitorum longus and the 
tibialis caudalis. 
INSERTION. The long strong tendon courses into the groove of the 
calcaneus and merges into the tendon of the flexor digitorum longus and 
quadratus plantae at the level of the talocalcaneonavicular joint. The 
merged tendon splits into five tendons. Finally, the tendons course 
through sheaths at the level of the middle phalanges and terminate to 
each phalanx. 
 
32. Tibialis caudalis (Fig. 1-5, -6, -7, -8, -9, -10 and -11) 
This is a flat, thin muscle and completely covered by the flexor 
digitorum longus from caudal aspect. 
ORIGIN. The origin arises from the head of fibula, the interosseous 
part of the flexor digitorum hallucis and the distal two-third part of the 
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caudal aspect of the tibial body by fleshy fibers. 
INSERTION. The long flat tendon passes the caudodistal groove of 
tibia under the tendon of the flexor digitorum longus. The tendon is 
inserted into the lateral side of the proximal end of the first metatarsal. 
 
33. Peroneus longus (Fig. 1-2, -3, -12, -13 and -14) 
This is a long spindle shape muscle and present at the 
cranial-superficial part in three peroneus muscles: peroneus longus, the 
peroneus brevis, peroneus digiti quinti. 
ORIGIN. The origin arises from the cranial inferior part of the head of 
the tibia by fleshy fibers. In one of the specimens (AKOC 10001), the 
lateral collateral ligament, which arises from the lateral condyle of the 
femur, is directly inserted into this muscle, additionally also the origin of 
the fibular head. 
INSERTION. The long strong tendon courses through the distal 
lateral side of the fibula in which the tendon is arranged with tendinous 
sheath, and terminates at the base of the first metatarsal. The attachment 
 36 
is covered the quadratus plantae. 
 
34. Peroneus digiti quinti (Fig. 1-2, -3 and -12) 
This is a long spindle shape muscle and present at the 
caudal-superficial part in three peroneus muscles. 
ORIGIN. The muscle originates from the caudal part of the head of 
fibula and the one-third part of fibular body by fleshy fibers. 
INSERTION. A long tendon lies in the posterior trochanter of the 
distal end of the fibula over the tendon of the peroneus brevis, and 
terminates at the base of the fifth middle phalanx laterally. 
 
35. Peroneus brevis (Fig. 1-4, -12, -13 and -14) 
This is a spindle shape muscle and present at the distal profoundly 
part in three peroneus muscles. 
ORIGIN. The muscle originates from the distal two-thirds of the 
fibular body by fleshy fibers. 
INSERTION. A long strong tendon lies in the posterior trochlea of the 
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distal end of the fibula under the tendon of the peroneus digiti quinti, and 
terminates at the base of the fifth metatarsal.  
 
36. Extensor digitorum longus (Fig. 1-2 and -3) 
This is the long spindle shape muscle at the anterior part of the crus. 
ORIGIN. The long strong tendon originates from the fossa extensoria 
of the femur. 
INSERTION. This muscle is covered by the tibialis cranialis and 
courses to dorsal side of the foot. The trans crural ligament bands the 
tibialis cranialis, the extensor hallucis longus, and this muscle at the level 
of the articular of malleolus. Four long tendons attach the dorsal base of 
the middle phalanxes of second to fifth digits. 
 
37. Tibialis cranialis (Fig. 1-2, -5, -6, -7, -8, -9, -10 and -11) 
This is a large muscle in the lower leg. The distal part of the muscle is 
thicker than the proximal part. 
ORIGIN. The origin arises from three parts: the anterior border of the 
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tibial crest by aponeurosis, the extensor groove of the tibia by fleshy fibers, 
and the anterior head of the fibula by aponeurosis. 
INSERTION. The trans crural ligament bands the extensor hallucis 
longus, the extensor digitorum longus, and this muscle at the level of the 
articular of malleolus. The long strong tendon courses toward the medial 
side of the foot and terminates the first metatarsal where is the deepest 
layer of the foot and covered by the interosseous muscles.  
 
38. Extensor hallucis longus (Fig. 1-4) 
This is a small spindle shape muscle at the cranial deep part of the 
crus.  
ORIGIN. The origin arises from the distal one-third of the medial side 
of the fibula by fleshy fivers. 
INSERTION. The trans crural ligament bands the extensor hallucis 
longus, the extensor digitorum longus, and this muscle at the level of the 
articular of malleolus. A long fine tendon terminates at the base of the 
proximal phalanx of the first digit. 
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39. Extensor digitorum brevis (Fig. 1-2 to -4) 
This muscle is composed by three bellies, and lies on the top of the 
foot under the tendons of the extensor digitorum longus. 
ORIGIN. These muscles originate from the joint capsule of the ankle 
at the level of the distal end of talus dorsally. The muscle bellies are 
changed into tendons at the level of the base of proximal phalanges. 
INSERTION. Flat, thin tendons terminate at the base of the first, 
second, third and fourth of intermediate phalanges dorsally. The first and 
second tendons originate from medial muscle belly. The third and fourth 
tendons arises from intermediate and lateral muscle bellies respectively.  
 
40. Flexor digitorum brevis (Fig. 1-12) 
This is the most superficial muscle at the sole of the foot, and 
possesses three muscle tails. 
ORIGIN. This muscle directly continues from the tendon of the 
plantaris at the sole of the foot. 
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INSERTION. There are three insertions, which terminate at the 
fasciae covering the metatarsophalangeal joints of the second, third and 
fourth digits by long tendon. The tendon belonging to second digit is much 
slenderer than those of the others. 
 
41. Calcaneometatarsalis (Fig. 1-12 and -13) 
This is a small triangular muscle at the sole of the foot, which is 
covered by the flexor digitorum brevis. 
ORIGIN. This muscle originates from distal plantar aspect of the 
calcaneus by fleshy fibers. 
INSERTION. The insertion attaches to the lateral aspect of the fifth 
metatarsal by a slender tendon. 
 
42. Quadratus plantae (Fig. 1-12 and -13) 
This is a parallelogram shape muscle and present under the 
calcaneometatarsalis. 
ORIGIN. The origin arises from lateral aspect of the tuber calcanei by 
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fleshy fibers widely. 
INSERTION. The fleshy and tendinous fivers attach to the common 
tendon of both the flexor digitorum hallucis and flexor digitorum longus. 
 
43. Lunbricales group (Fig. 1-13) 
These are quite small muscles at the sole. Three portions are present. 
43-1. Lumbricales 1 
ORIGIN. The origin arises from the root of branch between second 
and third tendons of the common tendon of the quadratus plantae, flexor 
digitorum hallucis, and flexor digitorum longus. 
INSERTION. The insertion attaches the medial side of the articular 
capsule at the third metatarsophalangeal joint by a fine tendon. 
43-2. Lumbricales 2 
ORIGIN. The origin arises from the root of branch between third and 
fourth tendons of the common tendon of the quadratus plantae, flexor 
digitorum hallucis, and flexor digitorum longus. 
INSERTION. The insertion attaches the medial side of the articular 
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capsule at the fourth metatarsophalangeal joint by a fine tendon. 
43-3. Lumbricales 3 
ORIGIN. The origin arises from the root of branch between fourth and 
fifth tendons of the common tendon of the quadratus plantae, flexor 
digitorum hallucis, and flexor digitorum longus. 
INSERTION. The insertion attaches the medial side of the articular 
capsule at the fifth metatarsophalangeal joint by a fine tendon. 
 
44. Adductor medius hallucis (Fig. 1-14) 
ORIGIN. The origin arises from medioventral surface of cuneiformis 
with fleshy fibers next to the origin of adductor medius digiti secundi. 
INSERTION. A fine tendon attach at the medial side of the base of 
the proximal phalanx of the first digit. 
 
45. Adductor medius digiti secundi (Fig. 1-14) 
ORIGIN. The origin arises from medioventral surface of cuneiformis 
with fleshy fibers just under the origin of adductor medius digiti quinti. 
 43 
INSERTION. A fine tendon attach at the medial side of the base of 
the proximal phalanx of the second digit. 
 
46. Adductor medius digiti quinti (Fig. 1-14) 
ORIGIN. The origin arises from medioventral surface of cuneiformis 
with fleshy fibers just above the origin of adductor medius digiti secundi. 
INSERTION. A fine tendon attach at the medial side of the base of 
the proximal phalanx of the fifth digit. 
 
47. Interosseus (Fig. 1-14) 
They are five muscles with two heads. 
ORIGINS. Fleshy fibers arise from distal end of cuneiforms and 
cuboideums additionally the proximal end of metatarsals of each digit. 
INSERTIONS. Each tendon extends over the collateral borders of the 
joint and goes around to the dorsal surface of the proximal phalanx. Then 
they unite with the tendon branch of the common extensor tendons of each 
digit. 
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Enhydra lutris 
1. Gluteus superficialis, Tensor fasciae latae and Caudofemoralis (Fig. 
1-15) 
These three muscles are hardly to divide, because borders do not 
appear except for one specimen (UMUT-12247). The specimen possesses 
separable tensor fasciae latae from gluteus superficialis. However, I could 
recognize these united three muscles, since the origins and insertions of 
each muscle are partly saved. This united muscle covers hip joint 
laterally. 
ORIGINS. The part of tensor fasciae latae originates with two head. 
One head arises from ventral edge of ilium by quite thin band of tendinous 
and fleshy fibers. The other part arises from the aponeurosis of gluteus 
medius at the level of final lumbar vertebra and first and second sacrum. 
The latter is larger than the former. The both bundle join together at two 
third distal of the muscle. The both part of gluteus superficialis and 
coudofemoralis arises at the level of first to fourth sacrum and first and 
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second caudal vertebrae by tendinous fibers directly continued from the 
aponeurosis of coudal axial muscles. The origin arising from caudal 
vertebrae is partly covered by the origin of semitendinosus. 
INSERTIONS. The part of tensor fasciae latae inserts on the lateral 
side of patella and the head of tibia by long strong tendon. The tendon 
branches at just before these attachments. The part of gluteus 
superficialis terminates at the distal end of greater trochanter laterally by 
tendinous fibers. The part of caudofemoralis attaches the lateral side of 
femoral shaft by fleshy fibers from next to greater trochanter to next to 
the origin of gastrocnemius lateralis. 
 
2. Semitendinosus (Fig. 1-15) 
This is a triangular muscle with flat broad origin and narrow 
tendinous insertion. The muscle gives off a small bundle of muscle fibers 
to the caudal edge of biceps femoris.  
ORIGIN. The origin arise from the level of first to fifth caudal 
vertebrae by flat tendinous fibers directly continued from the aponeurosis 
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of coudal axial muscles. Meanwhile, a small fleshy bundle originates from 
the transvers processes of second and third caudal vertebrae. The bundle 
joins the other huge fibers above the tendinous section laid on a half of the 
muscle. 
INSERTION. The insertion terminates at the medial side of the crest 
of the tibia next to the distal side of the insertion of gracilis by a short flat 
tendon. 
 
3. Biceps femoris 
This muscle is seen as triangular-shape laterally, and connects the 
ischial tuberosity to cars. The caudal edge bundles of this muscle are given 
from semitendinosus. 
ORIGIN. Fleshy bundles arise from the ischial tuberosity laterally. 
INSERTION. The insertion terminates at from lateral condyle of tibia 
to medial malleolus of tibia by broad aponeurosis. Especially, the part of 
the aponeurosis at the lateral condyle is relatively thicker than the other 
part, and strongly attaches. 
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4. Flexor tarsus (Fig. 1-16) 
This is flat fleshy muscle and arranged in deepest part of anterior face 
of crus just under the extensor hullucis longus. The muscle was observed 
in two of specimens (UMUT-12247, UMUT-13047). This muscle is 
innovated by deep peroneus nerve. 
ORIGIN. Fleshy fibers arise from distal two third of fibula under the 
muscle belly of extensor hallucis longus. 
INSERTION. The insertions differ between both specimens. In 
UMUT-12247, flat membrane-like tendon attaches on tarsi broadly. The 
tendon partly branch and gives off thin tendinous fibers to the tendon of 
tibialis cranialis and extensor digitorum longus. In UMUT-13047, flat 
membrane-like tendon attaches on both medial and dorsal plane of base of 
first metatarsal, and the dorsal plane of base of second metatarsal. 
 
Neovison vison, Mustela itatsi, and M. sibirica 
In all specimens, the three muscles, i.e., gluteus superficialis, tensor 
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fasciae latae, and caudofemoralis, are easily separable. The muscle 
attachments are the same in these species, although their masses differ 
(Chapter 2). 
1. Gluteus superficialis (Fig. 1-17) 
ORIGIN. This muscle arises from the anterior edge of ilium and the 
aponeurosis of caudal axial muscles at the level of first caudal vertebra. 
INSERTION. The insertion attaches on the lateral side of the greater 
trochanter by tendinous fibers. 
 
2. Tensor fasciae latae (Fig. 1-17) 
ORIGIN. Tendinous fivers originate from the ventral side of ilium. 
INSERTION. The broad thin tendinous membrane covers quadratus 
femoris and attaches patella. 
 
3. Caudofemoralis (Fig. 1-17) 
ORIGIN. Fleshy fibers originates from the transverse process of the 
first and second caudal vertebrae.  
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INSERTION. The fleshy fibers attach on the lateral caudal side of the 
shaft of femur at the level of two third distal of the shaft. 
 
4. Semitendinosus (Fig. 1-17) 
The attachments of semitendinosus are same in these species 
although these volumes differ among these species. This muscle possesses 
two head; the caudal head and the pelvis head like that of L. lutra. 
However, in these Mustelinae species, the pelvic head is larger than the 
caudal head differently from that of L. lutra. 
ORIGIN. The pelvic head arises from ischial tuberosity by fleshy 
fivers. The caudal head originates from the transverse process of third and 
fourth caudal vertebrae. These heads joined at the tendinous separation of 
the muscle.  
INSERTION. The joined bundle run to the tibial crest and attach the 
crest next to the insertion of gracilis by tendinous fibers. 
 
5. Biceps femoris (Fig. 1-17) 
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This muscle connects the ischial tuberosity to the tibia laterally, and 
is seen triangular laterally. The origin of the muscle possesses thin-long 
tendinous separation, which divides the muscle into two part: cranial part 
and caudal part. The muscle bundles of the cranial part are arranged in 
parallel. Those of the caudal part are arranged in radial. The cranial part 
is thicker than the caudal part. The distal border of the both parts is not 
clearly and continuous with fleshy bundles. 
ORIGIN. Short tendon arises from lateral edge of the ischial 
tuberosity. 
INSERTION. From at the level of the ligament of patella to distal end 
of the shaft of tibia, this muscle terminates by broad aponeurosis laterally. 
 
Discussion 
Semitendinosus contributes to the extension of the hip joint and 
flexion of the knee joint. This muscle is arranged in the most caudal part 
of the body. The attachment point of the muscle critically affects the 
movement of the hind-limb. In E. lutris, semitendinosus arises from the 
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caudal vertebrae and does not originate from the ischial tuberosity. In the 
other four species, i.e., L. lutra, N. vison, M. itatsi, and M. sibirica, the 
semitendinosus possesses two bellies, although the ischiatic belly is much 
smaller than the caudal belly in L. lutra. The pelvic head of 
semitendinosus is absent from the North American river otter L. 
canadensis and E. lutris (Fisher 1942; Howard 1975). L. lutra and E. 
lutris are separated from the New World otters, which belong to the genus 
Lontra, but with common ancestors (Sato et al. 2012). It is believed that a 
broader caudal origin gives a mechanical advantage to the semitendinosus 
in the extended position of the hip joint and flexed knee compared with 
holding the hind-limbs caudally directed and close to the body during 
swimming in otters (Smith and Savage 1956; Gambaryan and Karapetjan 
1961; Tarasoff 1972; Ercoli 2013). Thus, the morphology restricts the 
degree of flexion of the hip joint and extension of the knee joint. These 
restrictions prevent the animals from moving quickly because the walking 
distances are reduced by the caudal broadening of the origin of the 
semitendinosus. Both L. lutra and L. canadensis are found in marine and 
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freshwater environments (Nowak 1999); however, their locomotions have 
never been compared. It is interesting that the differences in the origin of 
the semitendinosus may affect their locomotion. 
Gluteus superficialis, tensor fasciae latae, and caudofemoralis are 
fused in E. lutris. In general, gluteus superficialis and caudofemoralis are 
femur extensors and tensor fasciae latae is a femur flexor in the dog Canis 
lupus (Evans 1993). In L. lutra, N. vison, M. itatsi, and M. sibirica, these 
muscles possess the same functions as those in C. lupus, although two L. 
lutra individuals possessed fused gluteus superficialis and caudofemoralis 
muscles, which are also femur extensors. By contrast, these muscles were 
confirmed to possess other functions in E. lutris, i.e., femur abduction, 
because these three muscles cover the hip joint laterally. In addition, the 
insertion of tensor fasciae latae in E. lutris was observed to be a long 
strong tendinous strap, which led to the patella and the head of the tibia 
laterally. These results suggest that femur abduction is an important 
movement in E. lutris. I will discuss this point again in Chapter 2. 
In L. lutra, six muscles were shown to have intraspecific variations: 
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gluteus superficialis (1), tenuissimus (12), caudofemoralis (13), 
semitendinosus (14), soleus (28), and peroneus longus (33). Windle and 
Parsons (1898) dissected and described one specimen of L. lutra and 
reported intraspecific variations in the hind-limb muscles by comparing 
the results with four previous studies, which used one specimen 
respectively. The results were not the same as those obtained in the 
present study (Windle and Parsons 1898). In particular, there was a 
difference in the origin of soleus, which originated from the femur in a 
specimen (AKOC 10022). It is interesting that the soleus was a biarticular 
muscle because the soleus muscle is generally a monoarticular muscle. 
The soleus is a small muscle in L. lutra and it is considered that this 
variation did not affect its locomotion significantly. The soleus is regarded 
as an antigravity muscle that is utilized during swimming locomotion, 
unlike other ankle extensors such as tibialis anterior and gastrocnemius 
(Roy et al. 1991). 
Small bundles that connect the biceps femoris and semitendinosus 
were observed in whole specimens of E. lutris, and this characteristic was 
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also observed in a previous study (Howard 1975). It seems that this 
structure functions when E. lutris performs appropriate movements 
because these bundles are unique but weak structures, although all of the 
specimens of E. lutris possess them without any exceptions. I think that 
the appropriate movement of E.lutris is the rotation of crus where the 
bundles function as a sensor that measures the degree of crural rotation. 
Muscles are power sources, but they are also sensor organs that detect 
changes in the lengths of muscles with muscle spindles (Liem et al. 2001). 
Howard (1975) stated that the popliteus, which functions as a medial 
rotator of the tibia, is strong in E. lutris, and this was observed in the 
present study. Therefore, it seems that the medial rotation of crus is an 
important function during locomotion in E. lutris. The bundles are present 
in a convenient position for measuring the rotation of the crus because the 
bundles that connect both the biceps femoris and semitendinosus muscles 
terminate in the lateral and medial part of the crus, respectively, and 
their relative arrangements are changed when the crus rotates. It is 
known that sensory-specialized muscles possess more muscle spindles 
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compared with other general muscles (Boyd 1956; Rowlerson et al. 1988; 
Homma and Sakai 1991). However, the muscle spindles in the bundles 
were not considered in this thesis, and this remains as future work. 
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Chapter 2 Interspecific comparisons of muscle masses 
Introduction 
This chapter presents quantitative comparisons of the hind-limb 
morphology in non-aquatic, semi-aquatic, and aquatic Musteridae species 
to support the qualitative comparisons given in the previous chapter. In 
particular, I aimed to clarify the unique hind-limb morphology and 
functional adaptations of E. lutris as a completely aquatic species. 
E. lutris has often been compared morphologically with pinnipeds as 
an intermediate species between terrestrial species and pinnipeds (Taylor 
1914; Howell 1930; Tarasoff 1972; Tarasoff et al. 1972). However, to 
clarify the evolutionary adaptation from a terrestrial existence to a 
completely aquatic lifestyle, the appendages of E. lutris should be 
compared functionally and morphologically with those of phylogenetically 
related mammalian species (Stein 1989). 
In this chapter, I compared the hind-limb bones and muscles of E. 
lutris with those of the other four Mustelidae species, thereby showing the 
different levels of dependence on terrestrial and semi-aquatic ecology. M. 
itatsi and M. sibirica are phylogenetically related species, which diverged 
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about 1.6 million years ago (Sato et al. 2012). M. itatsi feeds on fish in 
rivers (Kaneko et al. 2009), whereas M. sibirica does not feed on fishes 
(Sasaki and Ono 1994; Tatara and Doi 1994). Furthermore, N. vison and L. 
lutra depend on fish predation for 5%–70% (Day and Linn 1972; 
Bartoszewicz and Zalewski 2003; Brzezinski 2008) and over 80% 
(Blanco-Garrido et al. 2008) of their diets, respectively. E. lutris only feeds 
on sea urchins, octopus, clams, and fish (Kenyon 1969; Love 1990). These 
findings demonstrate that M. itatsi, N. vison, L. lutra, and E. lutris hunt 
their prey underwater, although the degree of aquatic habitat usage 
differs between them. Examining closely related species minimizes the 
phylogenetic effect of hind-limb morphology, and this allows us to 
investigate the functional and morphological gradations from a terrestrial 
existence to an aquatic lifestyle (Fish and Stein 1991). In this chapter, the 
hind-limb muscles were compared among species because they act as the 
main propulsion generator during submerged swimming in highly aquatic 
Mustelidae species (Dunstone 1980; Williams 1983, 1989; Fish 1996; Fish 
and Baudinette 2008).  
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Materials and Methods 
Specimens 
I dissected 27 individuals and weighed the hind-limb muscle masses 
in all five species. The same specimens described in the previous chapter 
were used for measurements (Table 1-1). I used only male for M. itatsi and 
M. sibirica specimens because female specimens were not available for 
study. The other three species comprised both male and female specimens. 
 
Muscle mass measurements 
In this study, I referred to the hind-limb muscle nomenclature shown 
in Table 2-1 (Fisher 1942; Howard 1975; Klingener 1979; Evans 1993). All 
of the carcasses were stored at 20°C until dissection. During dissection, I 
exposed the left side hind-limb muscles and recorded the origin and 
insertion of each muscle. Because the muscles were fused and could not be 
divided, muscle groups were used to obtain muscle mass measurements 
(Table 2-2). The hind-limb muscles were excised and weighed using a 
UX420H electronic balance (Shimadzu Corp., Kyoto) to the nearest 0.001 
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g after removing adipose and connective tissues. 
 
Definition of the aquatic tendency 
Aquatic tendency was defined using the dietary data of each species 
based on the weight ratios of fish remnants in total feces weight in the 
four species, except for E. lutris (Kvitek et al. 1993; Tatara and Doi 1994; 
Blanco-Garrido et al. 2008; Brzezinski 2008; Kaneko et al. 2009). The 
percentages of consumed fish, and aquatic tendencies, were as follows; M. 
sibirica, 0.0%; M. itatsi, 17.7%; N. vison, 23.9% and L. lutra, 81.1%. Since 
E. lutris live their entire lives on the sea surface (Kenyon 1969), we 
considered their aquatic tendency to be 100%. 
In this study, I defined the terms “aquatic,” “semi-aquatic,” and 
“terrestrial” as follows: aquatic animals possess the ability to live on 
and/or in the sea, e.g., E. lutris; semi-aquatic animals feed on fishes and 
they require an aquatic habitat to support their lifestyle, e.g., L. lutra, N. 
vison, and M. itatsi; terrestrial animals never feed on fishes and they do 
not possess the ability to hunt fishes, and they need a terrestrial habitat 
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to support their lifestyle, e.g., M. sibirica. 
 
Statistical analysis 
Statistical tests, including multiple comparisons, principal 
components analyses (PCA), and partial Mantel tests, were performed to 
examine the relationships among the hind-limb morphological 
characteristics and the ecological aquatic tendency in Mustelidae. I used 
the muscle masses divided by the geometrical mean (GM), which was 
calculated from the complete hind-limb muscle masses. Analysis of 
variance (ANOVA) was used to detect significant differences in the 
muscular measurements among the five species. I tested the homogeneity 
of variance using Bartlett’s test for post-hoc comparisons. Multiple 
comparisons were performed using the Tukey–Kramer and 
Games–Howell methods to detect significant interspecific differences in 
the muscle measurements. The relative positions of the species were 
visualized in morphological space using PCA by drawing biplots with the 
first principal component (PC1) and second principal component (PC2). 
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The variables used in the PCA were the measurement values divided by 
the GM. The soleus muscle (SOL) was absent from E. lutris; therefore, the 
muscular variables except SOL were used in the PCA. A correlation 
functions matrix was used for PCA. 
Partial Mantel tests were performed to estimate the functional and 
morphological correlations between the hind-limb morphology and aquatic 
ecology tendency in Mustelidae without phylogenetic effects. The partial 
Mantel test clarifies the relationships between two matrices while 
controlling for another matrix (Legendre and Legendre 1998). I prepared 
distance matrices for morphology, ecology, and phylogeny. The 
morphological distance matrices were prepared with PC1, PC2 and PC3 
based on the results of the PCA using the muscle weight data. The 
ecological distance matrix was produced from the aquatic tendency ratios 
mentioned above. The ratios were sine-transformed and utilized in the 
analysis. The phylogenetic distance matrix was constructed using 
molecular data based on the sequence homology of the cytochrome b gene 
(Marmi et al. 2004) (Table 2-3). Because the ecological and phylogenetic 
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data were proportional, I converted them by angular transformation. All 
of the statistical analyses were performed using R version 3.0.1 (R Core 
Team 2013). 
 
Results 
Table 2-4 shows the mean value, standard error, and significant 
interspecific differences in the 28 muscle weight measurements, which 
were scaled by the GM. ANOVA detected significant differences in the 
muscle groups among species, except for SMCR, SAR, GLA, TCREHL, 
PLA, FDL, and PESB. A multiple comparison analysis detected 
significant differences among the muscle groups (Table 2-4). Eighteen E. 
lutris muscle groups differed significantly (GSFCTFL, GMPI, OE, OIGE, 
QF, RF, V3, BFSTTE, SMCR, SMCA, GLA, ADD, FI3, GLAT, GMED, 
FHL, POP, and SOL), and five groups (GSFCTFL, GMPI, OE, FI3 and 
POP) differed significant only in E. lutris. Compared with the other four 
species, E. lutris was characterized by a huge gluteus muscles (GSFCTFL 
and GMPI), smaller quadriceps femoris (RF and V3), smaller adductors 
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(ADD), bigger peroneus (FI3), smaller deep digit flexors (FHL), and larger 
popliteus muscles (POP). SOL did not exist in E. lutris.  
L. lutra showed significant differences in 19 muscle groups (IP, 
GSFCTFL, GMPI, GPAC, OE, OIGE, QF, RF, V3, BFSTTE, SMCR, SMCA, 
GLA, ADD, FI3, GMED, FHL, POP, and SOL). The two groups of muscles 
GMPI and OIGE of L. lutra showed significantly larger and smaller 
values in the comparisons with N. vison respectively. In the comparisons 
with M. itatsi, both values of OE and GMED of L. lutra showed 
significantly large value, but the values of IP, OIGE and SMCA of L. lutra 
indicated significantly small value. The three groups of muscles (GPAC, 
OE and GMED) of L. lutra showed larger values, and the four groups of 
muscles (IP, OIGE, V3 and BFSTTE) showed smaller values in the 
comparisons with M. sibirica. 
N. vison showed statistically significant differences from at least one 
species in 16 muscle groups (GSFCTFL, GMPI, GPAC, OE, OIGE, RF, V3, 
BFSTTE, SMCA, GLA, ADD, FI3, GMED, FHL, POP and SOL). Both V3 
and SMCA of N. vison indicated significantly smaller values than those of 
 64 
M. itatsi. The three groups of muscles (GPAC, POP and SOL) showed 
significantly larger values than those of M. sibirica. The both values of V3 
and BFSTTE indicated significantly low value than those of M. sibirica.  
M. itatsi and M. sibirica indicated statistically significant differences 
from at least one species in 17 muscle groups (IP, GSFCTFL, GMPI, 
GPAC, OE, OIGE, QF, RF, V3, SMCR, SMCA, ADD, FI3, GMED, FHL, 
POP, and SOL) and 18 muscle groups (IP, GSFCTFL, GMPI, GPAC, OE, 
OIGE, QF, RF, V3, BFSTTE, SMCA, GLA, ADD, FI3, GLAT, GMED, POP, 
and SOL) respectively. Only one significant difference (GPAC) was 
confirmed in the comparisons between M. itatsi and M. sibirica. The value 
of GPAC of M.itatsi showed significantly large value than that of M. 
sibirica. 
No exclusive significant differences were observed between L. lutra 
and the three Mustelidae species. Although no significant differences were 
detected, L. lutra tended to have relatively larger distal hind-limb muscles 
(TCREHL, PLA, and PESB) than those of the other species. 
PC1 accounted for 47.4% of the variance, and it separated E. lutris 
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from the other species (Fig. 2-1 and Table 2-5). PC1 was negatively 
correlated with OE, GMPI, FI3, POP, and GSFCTFL but positively 
correlated with V3, RF, and SMCA. PC2 accounted for 13.2% of the 
variance in the dataset, and it separated L. lutra and N. vison from the 
other species. PC2 was negatively correlated with PESB and TCREHL but 
positively correlated with IP and SAR. 
Table 2-6 shows the results of the partial Mantel test using the 
ecological, phylogenetic, and morphological matrices prepared from the 
PCA scores of the muscular weights. The coefficient of correlation between 
morphology and ecology was 0.70 (p < 0.05). 
 
Discussion 
The swimming motion of E. lutris has been reported previously 
(Howell 1930; Tarasoff et al. 1972; Williams 1989). However, sequence 
data of the swimming motion have not been illustrated, and the 
movements of each hind-limb joint have not been described clearly. Howell 
(1930) studied the hind-limb skeleton of E. lutris and predicted that its 
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submerged swimming motion differed from that of pinnipeds. The 
swimming motion includes placing the feet horizontally to the rear, one 
upon either side of the tail, with the sole up, and oscillating them in the 
vertical plane according to the same principle employed by a whale using 
its flukes. E. lutris swimming motion involves a vertical undulation of the 
trunk, where both hindpaws move in the dorsoventral direction with the 
plantars facing the back. However, Howell (1930) did not comment about 
movements of the hind-limb joints. My results are consistent with the 
prediction of Howell (1930). 
The GSFCTFL, GMPI, OE, FI3, and POP muscle groups are 
approximately two times larger in E. lutris than those in the other species. 
These results indicate that the power stroke phase comprises abduction of 
the femur by the GSFCTFL, medial rotation of the cruris by the POP 
group, and abduction of the lateral phalanges by the FI3 group during 
submerged swimming by E. lutris. As observed in this study, three 
muscles that belong to the GSFCTFL, including the gluteus superficialis, 
caudo femoralis, and tensor fasciae latae, are fused in E. lutris (Howell 
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1930; Howard 1975). This muscle group covers the lateral side of the hip 
joint, and it may act as an abductor of the hip joint. Movements of these 
three muscles at the hip, knee, and ankle joints are not required for 
running on land. Therefore, I suggest that the swimming motion of E. 
lutris is achieved by these hind-limb joint movements. 
The other mustelids are equipped with large muscles in the distal part 
of the hind-limbs (TCA, EDL, GMED, and PESB), according to their 
aquatic tendency. The evolutionary specializations observed in E. lutris 
were not observed among M. sibirica, M. itatsi, N. vison, or L. lutra. I 
believe that M. sibirica, which never hunts fish, is a terrestrial animal, 
and that the aquatic tendency, which is my basic assumption, increases in 
M. itatsi, N. vison, and L. lutra. The hind-limb morphology of the 
terrestrial and semiaquatic mustelids is regarded as a continuum. 
The North American river otter (L. canadensis) swims using vertical 
movements of the trunk, whereas seals swim using horizontal movements 
of the trunk (Fish 1994). The five species examined in this study may not 
swim using horizontal movements of the trunk. The swimming motions of 
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M. itatsi and M. sibirica have not yet been studied; however, Dunstone 
(1980) described the swimming motion of N. vison. I suggest that the 
swimming motions of both of these mustelids are similar to that of N. 
vison because the distributions of hind-limb muscle are morphologically 
similar in these species. Terrestrial animals run on the ground with an 
anterior–posterior motion of the appendages under the body. My results 
suggest that semiaquatic animals, including those considered in this 
study, swim with a motion similar to terrestrial running. 
Taylor (1914) compared the pelvic bones of E. lutris with those of L. 
canadensis and the harbor seal (Phoca vitulina), and suggested that both 
L. canadensis and P. vitulina are adapted to aquatic life because of the 
possession of larger muscles for adduction and rotation of the femur, and 
that the sartorius muscle is the most important muscle for these functions. 
He reported that the muscles for adducting the femur are augmented in 
size, with the increasing importance of the hind-limbs as a paddle. The 
aquatic adaptation tendency referred to by Taylor was not observed 
among the five species examined in my study. The mean SAR value in L. 
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lutra was smaller than that in E. lutris. In addition, the mean SAR value 
in L. lutra was relatively smaller than that in the other species, except E. 
lutris. 
Smith and Savage (1956) suggested that more aquatically adapted 
animals possess smaller gluteus and larger ischiopubic muscles, including 
the semimembranosus, biceps femoris, semitendinosus, and tenuissimus, 
after comparing the pelvic bones in a marten (Martes sp.), river otter 
(Lutra sp.), and seals (Phoca sp.). However, my results do not support 
these suggestions. The weight ratio of the gluteus muscles in E. lutris was 
the largest, whereas the weight ratios of the semimembranosus, biceps 
femoris, semitendinosus, and tenuissimus were smaller in the more 
aquatic mustelids. 
This analysis of muscle measurement showed that the hind-limb 
morphology of the mustelids has obvious functional and morphological 
relationships with their ecology rather than their phylogeny. The specific 
morphological characteristics of the hind-limbs in E. lutris were confirmed 
among Mustelidae. I maintain that E. lutris is not an intermediate 
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semi-aquatic animal but instead it is a unique fully aquatic animal 
because the aquatic specialization of the hind-limb is not considered to 
continuously between E. lutris and the other four species. I conclude that 
E. lutris is a completely aquatic animal, which differs in the proportions of 
the hind-limb muscles compared with those in other semi-aquatic and 
terrestrial mustelids. I found that the semi-aquatic species shared similar 
muscle proportions with terrestrial species rather with aquatic species. 
 71 
Chapter 3 Interspecific comparisons of bone measurements 
Introduction 
I presented comparisons of the muscle masses in five mustelidae 
species in the previous chapter. In this chapter, I present comparisons of 
the lengths of the hind-limb bones, i.e., the pelvis, femur, and tibia, in the 
same species. In the previous chapter, I indicated that E. lutris abducts 
the femur when swimming. One of the aims of this chapter is to confirm 
whether this prediction is correct based on bone length comparisons. 
The issue of whether morphological changes associated with aquatic 
adaptations are always manifested in the same direction was questioned 
by Kükenthal (1891). Tarasoff (1972) indicated the following trends 
toward increased aquatic adaptation. (1) A decrease in the proportional 
size of the ilium relative to the total pelvic length. (2) Flattening and 
increased size of the greater trochanter. (3) Shortening of the shaft of the 
femur. (4) Broadening of the shaft of the femur. (5) Increased proportional 
length of the lower limb components relative to the lengths of the pelvis, 
femur, and tibia in comparisons of L. canadensis, E. lutris, and pinnipeds 
(Pagophilus groenlandicus, Zalophus californianus, and Odobenus 
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rosmarus). Among these trends, the shortening of the ilium (1) and the 
shortening of the femur (3) have been observed in some aquatic or 
semi-aquatic mammals: Monotremata, Didelphimorphia, Insectivora, 
Carnivora, and Rodentia (Howell 1930; Stein 1981; Stein 1988; Voss 1988; 
Gingerich 2003; Samuels and Valkenburgh 2008; Samuels et al. 2013). 
Because these studies compared animals that were categorized by 
nominal scales, i.e., terrestrial, semi-aquatic, and aquatic, to show these 
trends, they could not recognize whether the trends were present or not 
among the same categorized animals. In this study, dietary data were 
used to determine the aquatic tendencies of species, which allowed me to 
order these species based on their aquatic tendencies. This facilitated 
comparisons with species defined in the same ecological category in 
previous studies, e.g., N. vison and L. lutra (categorized as semi-aquatic 
by Samuels et al. 2013). 
 
Materials and Methods 
Specimens 
The hind-limb bones of 83 individuals from the five species were 
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measured. The specimens used in this study are listed in Table 3-1. I only 
used male specimens for M. itatsi and M. sibirica because female 
specimens for both mustelids were not available. It is difficult to hunt 
female individuals of M. itatsi and M. sibirica because their body sizes are 
smaller than those of the males. The other three species comprised male 
and female specimens. 
 
Skeletal length measurements 
Bones were measured to the nearest 0.1 mm using digital calipers. A 
set of 11 osteological measurements was obtained, including the lengths of 
the pelvis, femur, and tibia (Fig. 3-1, Table 3-2). Table 3-3 shows 11 
indices based on these measurements, which I used to compare my results 
with those obtained in previous studies (Samuels and Valkenburgh 2008; 
Samuels et al. 2013). These measurements and indices were described in a 
previous study (Samuels et al. 2013), except for FGT, IL, and PL. The FGT 
measurement was redefined as the breadth of the femoral head to the 
greater trochanter of the femur, thereby allowing a clearer examination of 
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lever arm length of the gluteus superficialis muscle in the lateral direction. 
The IL and PL pelvis measurements were taken in addition to the existing 
measurements described by Samuels et al. (2013). 
 
Definition of aquatic tendency 
The aquatic tendency was defined using a same method to that 
described in Chapter 2. 
  
Statistical analysis 
Statistical tests, including multiple comparisons, PCA, and partial 
Mantel tests, were performed to examine the relationships among 
hind-limb morphological characteristics and the ecological aquatic 
tendency in Mustelidae. I used the bone measurements divided by the GM 
of the femoral length (FL), tibial length (TL), and pelvic length (PL). 
ANOVA was used to detect significant differences in the skeletal 
measurements among the five species. I tested the homogeneity of 
variance using Bartlett’s test for post-hoc comparisons. Multiple 
comparisons were performed using the Tukey–Kramer and 
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Games–Howell methods to determine the significance of interspecific 
differences in the bone measurements and the indices. The relative 
positions of the species were visualized in morphological space using PCA 
by drawing biplots with the first principal component (PC1) and second 
principal component (PC2). The variables used in the PCA were the 
measurement values were divided by the GM. Seven skeletal 
measurement variables (FL, FGT, FEB, TL, TSL, PL, and IL) were fed 
into the PCA to avoid missing values. A correlation functions matrix was 
used for both PCAs. 
Partial Mantel tests were performed to estimate the functional and 
morphological correlations between hind-limb morphology and aquatic 
ecology tendency in Mustelidae without phylogenetic effects. The partial 
Mantel test clarifies the relationships between two matrices while 
controlling for another matrix (Legendre and Legendre 1998). I prepared 
distance matrices for morphology, ecology, and phylogeny. The 
morphological distance matrices were prepared using the principal 
components data from the PCA results and the mean data for the bone 
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indices. The ecological distance matrix and the phylogenetic distance 
matrix were prepared as described in Chapter 2. 
All of the statistical analyses were performed using R version 3.0.1 (R 
Core Team 2013). 
 
Results 
Table 3-4 shows the mean values, standard errors, and significant 
differences in the bone measurements divided by GM among the species 
(by ANOVA). FL and PL were significantly different among all five species. 
FL was shorter in species that possessed the higher aquatic tendency (E. 
lutris and L. lutra), being the shortest in E. lutris. In contrast, PL was 
longer in these species with more aquatic tendency, and was the longest in 
E. lutris. IL was significantly larger in E. lutris than in the other species. 
The percentage of variation explained by PC1 was 84.4%, which 
separated the samples into the following four plots on the basis of 
descending scores; E. lutris, L. lutra, N.vison, and lastly both Mustela (Fig. 
3-2 and Table 3-5). Both FL and TL correlated negatively with PC1, 
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whereas the FGT, FEB, TSL, PL, and IL correlated positively. The 
percentage of variation explained by PC2 was 8.9%, and a separation of 
plots was found between E. lutris and both N. vison and L. lutra. M. itatsi 
and M. sibirica had intermediate scores and were not separated from 
other species. The factor loading of TSL correlated negatively with PC2. 
Table 3-6 shows the mean values, standard errors, and significant 
differences for the bone indices among species (by ANOVA). The CI and 
FEI values were larger in the species with higher aquatic tendencies. 
Similarly, the comparisons of PFI detected significant differences in the 
overall matches, where the species with a higher aquatic tendency 
possessed larger PFI values. The comparisons of PTI and GI detected 
significant differences in the matches, except for those between M. itatsi 
and M. sibirica. Significant differences were not detected in the 
comparisons among three Mustelinae species in terms of FRIAP and 
FRIML; however, those of L. lutra were larger than those of the other 
Mustelinae, and those of E. lutris were even larger than those of L. lutra. 
TRIAP and TRIML tended to separate both Lutrinae species and they had 
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significantly larger values than those of the other three Mustelinae. GPI 
and TSI were separated into three groups based on significant differences, 
i.e., both Lutrinae species, N. vison, and other two Mustela species. Only 
GPI was lower in both of the Lutrinae species, which indicated a higher 
aquatic tendency. 
Table 3-7 shows the results of the partial Mantel tests based on the 
ecological, phylogenetic, and morphological matrices, where the 
morphological matrix was prepared from the PCA scores of the skeletal 
measurements. The coefficient of correlation between morphology and 
ecology based on an assumption that all five species possessed the same 
physiological distance was 0.89 (p < 0.05). The results of the partial 
Mantel tests for all 11 indices are shown in Table 3-8. All of the indices 
had high coefficients of correlation (r > 0.70, p < 0.05) between morphology 
and ecology based on the assumption stated above. In particular, the 
coefficients of correlation for CI, FEI, and TSI were highest (> 0.90). In 
addition, four indices, i.e., FEI, TRIAP, TSI, and GPI had coefficients of 
correlations that indicated significant differences between morphology 
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and phylogeny based on an assumption that all five species possessed the 
same ecological distance (r = 0.62, 0.59, 0.70, and 0.63, respectively). 
 
Discussion 
The species with a higher aquatic tendency had lower FL values 
according to the results of this study. The femoral shortening of aquatic 
and/or semi-aquatic animals has been mentioned previously (Taylor 1914; 
Tarasoff 1972; Stein 1988; Samuels and Valkenburgh 2008; Samuels et al. 
2013). Samuels et al. (2013) suggested that femoral shortening brought 
the paddling limb closer to the body, thereby reducing the induced drag 
during the recovery stroke while swimming. My results showed that the 
CI index had the highest value among the species with a higher aquatic 
tendency, which is similar to the results reported by Samuels and 
Valkenburgh (2008) who studied bone indices among rodents. In 
particular, it is important that this trend appeared among three species of 
Mustelinae. It is known that M. itatsi and M. sibirica are closely related, 
and their divergence time is around 1.6 million years ago (Sato et al. 2012), 
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while their morphological appearance is similar (Suzuki et al. 2011). 
However, their ecology, particularly their swimming ability, is little 
understood. My results suggest that M. itatsi possesses a more aquatic 
adaptive morphology, i.e., a shorter femur than that of M. sibirica, which 
agrees with the dietary data. The shorter femur reduces the mechanical 
advantage of muscles, i.e., it permits an application point with a relatively 
strong output force, which acts in the power stroke, while simultaneously 
minimizing the induced drag by allowing the hind-limb to be brought 
closer to the body in the recovery stroke (Stein 1988; Samuels and 
Valkenburgh 2008). 
In general, the four indices of bone thickness, i.e., FRIAP, FRIML, 
TRIAP, and TRIML, were higher in species with a higher aquatic 
tendency. The FRIML value in E. lutris was remarkably high. The FRIML 
index indicates the robustness of the femur to stress in the mediolateral 
direction. In the previous chapter, I suggested that E. lutris abducts the 
femur during swimming. The FRIML results reinforce this suggestion 
because abduction of the femur is a mediolateral movement, which stress 
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the femur toward mediolateral direction. Tarasoff (1972) also discussed 
this “broadening of the shaft of the femur” when comparing L. canadensis, 
E. lutris, and pinnipeds (Pagophilus groenlandicus, Zalophus 
californianus, and Odobenus rosmarus); however, his conclusion differed 
from mine. Tarasoff (1972) suggested that the broadening of the femoral 
shaft increases the attachment of the adductor muscles, and interspecific 
differences in this broadening are derived from the masses of the muscles 
in each species. However, I analyzed the muscle masses in the Mustelidae 
and showed that the mass of the adductors was lower in E. lutris 
compared with the other four species with relatively lower aquatic 
tendencies (Chapter 2). Therefore, at least in Mustelidae, I claimed that 
the broadening of the shaft of the femur is not related to the mass of the 
adductor muscles. 
The results of the ANOVA based on TSI separated three groups with 
significant differences: 1) Both Lutrinae species, 2) N. vison, and 3) the 
other two Mustela species. These differences are expected because this 
index indicates the mechanical advantages of both the semitendinosus 
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and gracilis muscles, and thus species with a higher aquatic tendency also 
have a more distal insertion of both muscles, thereby obtaining a lower 
mechanical advantage that enhances the output force. Apparently, an 
animal with a low TSI value, e.g., M. sibirica, is capable of more rapid 
movements of its appendages and it can run relatively fast. By contrast, 
an animal that swims using a drag-based mechanism has a high TSI value, 
e.g., E. lutris, and it is able to move a larger water mass backward to move 
the animal itself forward in an effective manner. 
The GPI index [the ratio of the ilium length (IL) relative to the pelvis 
length (PL)] was lower in both Lutrinae species (mean GPI = 0.45) 
compared with the other three species. The ratio was lower in species with 
a higher aquatic tendency in Mustelidae. Based on this ratio, Smith and 
Savage (1956) and Tarasoff (1972) discussed the decrease in the mass of 
the gluteus muscles in species adapted to highly aquatic environments. 
However, the results of my interspecific comparison of muscle masses 
showed that E. lutris, which has the highest aquatic tendency among the 
Mustelidae, possesses the largest gluteus muscles (Chapter 2). Therefore, 
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at least in the Mustelidae, it is not true that a lower GPI indicates gluteus 
muscles with a lower mass. However, the IL index (the length relative to 
the absolute length of the ilium per GM) was highest in E. lutris. These 
results support those presented in Chapter 2. Thus, it is important to 
support analyses of muscle power with bone length data. 
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Chapter 4 Measurement of the maximum degree of femur 
abduction using CT scans  
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General discussion 
The hind-limbs of Mustelidae species were morphologically examined 
in the previous four chapters. I identified the key functional morphological 
characteristics of E. lutris as a fully aquatic species based on descriptions 
of muscles (Chapter 1), the mass of muscles (Chapter 2), bone 
measurements (Chapter 3), and the maximum degree of femur abduction 
(Chapter 4). In Chapter 1, I showed that gluteus superficialis, tensor 
fasciae latae, and caudofemoralis are fused in E. lutris. It appears that 
these fused muscles act during femur abduction because these three 
muscles covers the hip joint laterally. In Chapter 2, I showed that the 
group comprising gluteus superficialis, gluteus medius, fibularis, and 
popliteus is approximately two times larger in E. lutris compared with the 
other related species. In Chapter 3, I demonstrated that the length of the 
ilium relative to its absolute length divided by the GM is highest in E. 
lutris, whereas the other four species have lower values. In Chapter 4, I 
showed that the degree of femur abduction is highest in E. lutris. These 
morphological characteristics did not agree with the trends deduced from 
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comparisons of the osteology and/or myology of pinnipeds, and those of 
Lutrinae in previous studies (Taylor 1914; Tarasoff 1972; Tarasoff et al. 
1972). Gradual changes in morphology, i.e., increases in the mass of the 
muscles in the distal part, were detected in terrestrial and semi-aquatic 
mustelids according to the results in Chapter 2. These results indicate 
that there were obvious differences in the hind-limb morphology of E. 
lutris and other semi-aquatic Mustelidae. This suggests that E. lutris may 
be situated in an adaptational status that is discontinuously separated 
from the other Mustelidae species. 
Cetaceans, sirenians, pinnipeds, and E. lutris are highly adapted to 
aquatic environments. Among these mammals, E. lutris is the only species 
that can be compared directly with allied living species as well as 
ancestral forms in analyses of the evolutionary transition to aquatic life. E. 
lutris and L. lutra both diverged from a common ancestor 4.5–7.3 million 
years ago (Sato et al. 2012). The results of this study suggest that the 
morphological adaptation of E. lutris is discontinuous compared with that 
of L. lutra as well as other semi-aquatic and terrestrial mustelids. The 
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shortening of the femur in E. lutris was confirmed in Chapter 2. This 
trend has also been reported in other comparisons using rodents or 
opossums (Stein 1981, 1988; Samuels et al. 2013). It seems that aquatic 
adaptation draws the appendages closer to the body shaft in mammals 
during swimming. Thus, appendages located closer to the body axis 
generate thrust more effectively when animals swim (Stein 1988). It 
seems that E. lutris can draw its hind-limbs much closer to the body by 
abducting the femur than other semi-aquatic mustelids. 
The swimming method of N. vison has been illustrated, where this 
species uses a power and recovery method of locomotion that involves the 
alternate use of all four limbs (Dunstone 1980). L. lutra moves by 
craniocaudal thrust and a recovery movement of the hind-limbs (Tarasoff 
et al. 1972). In N. vison and L. lutra, swimming locomotion involves 
paddling on the ventral side of the body. It is considered that this paddling 
on the ventral side of the body is modified from their terrestrial gait. 
Sequence data of the swimming motion of E. lutris have not yet been 
obtained, and its swimming method remains unclear. However, Howell 
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(1930) mentioned that the swimming motion of E. lutris involves the 
vertical undulation of the trunk. Tarasoff et al. (1972) mentioned that E. 
lutris paddles using its pelvic limbs while swimming. Williams (1989) 
examined the energetic costs of swimming based on the O2 consumption of 
E. lutris. Therefore, although there are no observational data from 
ecological settings, my morphological study of E. lutris demonstrates its 
discontinuous adaptation, which suggests that its unique method of 
swimming includes the abduction of femur. 
I am still trying to produce a movie of swimming locomotion in E. 
lutris at the Toba Aquarium (Mie). In the future, this movie will help to 
clarify the unique locomotion strategy of E. lutris.
 89 
Acknowledgments 
My deepest appreciation goes to Hideki Endo whose patient comments 
and suggestions were innumerably valuable throughout my Ph.D course. I 
thank Shin-ichiro Kawada for access to specimens from the collections of 
The National Museum of Nature and Science, Tokyo; Hajime Taru for 
access to specimens from the collections of Kanagawa Prefectural Museum 
of Natural History, Kanagawa; Darrin Lunde for access to specimens from 
the collections of the Smithsonian National Museum of Natural History, 
Washington, D. C.; Junpei Kimura and Sung-Yong Han for access to 
specimens from the collections of the Association of Korean Otter 
Conservation. I also would like to thank Sadao Ihara, Ohu University; the 
staff of the Oita Marine Palace Aquarium UMITAMAGO for providing to 
specimens. Thanks are due to Satoshi Suzuki belonging to Fukui City 
Museum of Natural History, Mikiko Abe belonging to Osaka City 
University, Satoshi Kawaguchi and Sen-ichi Oda belonging to Okayama 
University of Science for access to their private collections. I wish to 
acknowledge valuable discussion with Shin-nosuke Teruya. I am indebted 
 90 
to Eun-Young Noh, Hanchan Park and Jinwoo OH for preparation to 
specimens. I would like to express my gratitude to my family for their 
moral support and warm encouragements. I am deeply indebted to my 
laboratoly members, Wataru Anzai, Kouhei Kudo, Megu Gunji, Ayano 
Omura, Sara Kobayashi, Misaki Aratani, Ryo Kodera, Kai Ito and 
Daisuke Koyabu gave me constructive comments, warm encouragements 
and directly supports during the course of my study. 
 91 
References 
Allers, D. and Culik, B. M. 1997. Energy requirements of beavers (Castor 
canadensis) swimming underwater. Physiological and 
Biochemical Zoology 70: 456–463.  
Bartoszewicz, M. and Zalewski, A. 2003. American mink, Mustela vison 
diet and predation on waterfowl in the Slonsk Reserve, Western 
Poland. Folia Zoologica 52: 225–238. 
Beck, M., Kalhor, M., Leunig, M., and Ganz, R. 2004. Hip morphology 
influences the pattern of damage to the acetabular cartilage. 
Journal of Bone and Joint Surgery, British 87: 1012–1018. 
Blanco-Garrido, F., Prenda, J., and Narvaez, M. 2008. Eurasian otter 
(Lutra lutra) diet and prey selection in Mediterranean streams 
invaded by centrarchid fishes. Biological Invasions 10: 641–648. 
Bouma, H. W., de Boer, S. F., de Vos, J., van Kampen, P. M. and 
Hogervorst, T. 2013. Mammal hip morphology and function: Coxa 
recta and coxa rotunda. the Anatomical Record 296: 250–256. 
Boyd, I. A. 1956. The tenuissimus muscle of the cat. Journal of Phylogeny 
 92 
London 133: 35-36. 
Brzezinski, M. 2008. Food habits of the American mink Mustela vison in 
the Mazurian Lakeland, Northeastern Poland. Mammalian 
Biology 73: 177–188. 
Day, M. and Linn, I. 1972. Notes on the food of feral mink Mustela vison 
in England and Wales. Journal of Zoology 167: 463–473. 
de Boer, S. F., Bouma, H. W., Pollard, T. C., Van Kampen, P. M., Carr, A. J. 
and Hogervorst, T. 2013. Coxa recta, coxa profunda and abductor 
ratio: hip morphology variants compared in an arthroplasty and 
control population. Hip International : the Journal of Clinical and 
Experimental Research on hip Pathology and Therapy 23: 
287–292. 
Dunstone, N. 1980. Swimming and diving behavior of the mink (Mustela 
vison Schreber). Carnivore 2: 56–61. 
Ercoli, M. D., Echarri, S., Busker, F., Álvarez, A., Morales, M. M. and 
Turazzini, G. F. 2013. The functional and phylogenetic 
implications of the myology of the lumbar region, tail, and hind 
 93 
limbs of the lesser grison (Galictis cuja). Journal of Mammalian 
Evolution 20: 309–336. 
Evans, H. E. 1993. Miller's Anatomy of the Dog. 3rd edition. Saunders, 
Philadelphia, 1113 pp. 
Fish, F. E. 1994. Association of propulsive swimming mode with behavior 
in river otters (Lutra canadensis), Journal of Mammalogy 75: 
989–987. 
Fish, F. E. 1996. Transitions from drag-based to lift-based propulsion in 
mammalian swimming. American Zoologist 36: 628–641.  
Fish, F. E. 2001. A mechanism for evolutionary transition in swimming 
mode by mammals. Secondary Adaptation of Tetrapods to Life in 
Water: Proceedings of the International Meeting, Potiers, 1996. 
261–287. 
Fish, F. E. and Baudinette, R. V. 2008. Energetics of swimming by the 
ferret: Consequences of forelimb paddling. Comparative 
Biochemistry and Physiology Part A: Molecular and Integrative 
Physiology 150: 136–143. 
 94 
Fish, F. E. and Stein, B. R. 1991. Functional correlates of differences in 
bone density among terrestrial and aquatic genera in the family 
Mustelidae (Mammalia). Zoomorphology 110: 339–345. 
Fisher, E. M. 1942. The Osteology and Myology of the California River 
Otter. Stanford University Press, California, 66 pp. 
Flynn, J. J., Finarelli, J. A., Zehr, S., Hsu, J. and Nedbal, M. A. 2005. 
Molecular phylogeny of the Carnivora (Mammalia): Assessing 
the impact of increased sampling on resolving enigmatic 
relationships. Systematic Biology 54: 317–337. 
Gambarjan, P. P. and Karapetjan, W. S. 1961. Besonderheiten im Bau des 
Seelöwen (Eumetopias californianus), der Baikalrobbe (Phoca 
sibirica) und des Seeotters (Enhydra lutris) in Anpassung an die 
Fortbewegung im Wasser. Zoologische Jahrbuch. Abteilung für 
Anatomie und Ontogenie der Tiere 79: 123–148. (in Germany 
with English abstract). 
Gambaryan, P. P. and Hilary H. 1974. How Mammals Run: Anatomical 
Adaptations. Wiley, New York, 367 pp. 
 95 
Ganz, R., Leunig, M., Leunig-Ganz, K. and Harris, W. H. 2008. The 
etiology of osteoarthritis of the hip. Clinical Orthopaedics and 
Related Research 466: 264–272. 
Gingerich, P. D. 2003. Land-to-sea transition in early whales: evolution of 
Eocene Archaeoceti (Cetacea) in relation to skeletal proportions 
and locomotion of living semiaquatic mammals. Paleobiology 29: 
429–454. 
Hammond, J. A., Hauton, C., Bennett, K. A. and Hall, A. J. 2012. Phocid 
seal leptin: tertiary structure and hydrophobic receptor binding 
site preservation during distinct leptin gene evolution. PLOS 
ONE 7: e35395. 
Haughton, S. 1867. On the muscle anatomy of the otter (Lutra vulgaris). 
Proceedings of Royal Irish Academy of Science Series 2 9: 
511–551. 
Hildebrand, M. 1988. Analysis of Vertebrate Structure. Wiley, Hoboken. 
660 pp. 
Homma, T. and Sakai, T. 1991. Ramification pattern of intermetacarpal 
 96 
branches of the deep branch (ramus profundus) of the ulner 
nerve in the human hand. Cells Tissues Organs 141: 139–144. 
Howard, L. D. 1975. Muscular anatomy of the hind limb of the sea otter 
(Enhydra lutris). Proceedings of the California Academy of 
Sciences 40: 335–416. 
Howell, A. B. 1930. Aquatic Mammals: Their Adaptations to Life in the 
Water. Dover, New York, 338 pp. 
Ito, H., Song, Y., Lindsey, D. P., Safran, M. R. and Giori, N. J. 2009. The 
proximal hip joint capsule and the zona orbicularis contribute to 
hip joint stability in distraction. Journal of Orthopaedic Research 
27: 989–995. 
Kappelman, J. 1988. Morphology and locomotor adaptations of the bovid 
femur in relation to habitat. Journal of Morphology 198: 
119–130. 
Kaneko, Y., Shibuya, M., Yamaguchi, N., Fujii, T., Okumura, T., 
Matsubayashi, K. and Hioki, Y. 2009. Diet of Japanese weasels 
(Mustela itatsi) in a sub-urban landscape: Implications for 
 97 
year-round persistence of local populations. Mammal Study 34: 
97–105. 
Kenyon, K. W. 1969. The Sea Otter in the Eastern Pacific Ocean. Dover, 
New York, 352 pp. 
Klingener, D. 1979. Laboratory Anatomy of the Mink. William C Brown, 
Dubuque, 176 pp. 
Kükenthal, W. 1891. On the adaptation of mammals to aquatic life. 
Annals ans Magazine of Natural History 7: 153–179. 
Legendre, P. and Legendre, L. 1998. Numerical Ecology, 2nd edition. 
Elsevier, Amsterdam, 1006 pp. 
Liem, K. F., Bemis, W. E., Walker, W. F. Jr. and Grande, L. 2001. 
Functional Anatomy of the Vertebrates: an Evolutionary 
Perspective. Thomsom Learning, Belmont, 703 pp. 
Love, J. A. 1990. Sea Otters. Whittet Books, London, 136 pp. 
Lucae, J. C. G. 1875. Die Robbe und die Otter in ihrem Knocken und 
Muskel-Skelet. Abhandlungen der Senckenbergischen 
Naturforschenden Gesellschaft 8: 277–378. (in Germany) 
 98 
Marmi, J., Lopez-Giraldez, J. F. and Domingo-Roura, X. 2004. Phylogeny, 
evolutionary history and taxonomy of the Mustelidae based on 
sequences of the cytochrome b gene and a complex repetitive 
flanking region. Zoologica Scripta 33: 481–499. 
Nötzli, H. P., Wyss, T. F., Stoecklin, C. H., Schmid, M. R., Treiber, K. and 
Hodler, J. 2002. The contour of the femoral head-neck junction as 
a predictor for the risk of anterior impingement. Journal of Bone 
and Joint Surgery, British Volume 84: 556–560.  
Nowak, R. M. 1999. Walker's Mammals of the World 6th edition. Johns 
Hopkins University Press, Baltimore, 1936 pp. 
Osburn, R. C. 1906. Adaptive modifications of the limb skeleton in aquatic 
reptiles and mammals. Annals of the New York Academy of 
Sciences 16: 447–482. 
Rosset, A., Spadola, L. and Ratib, O. 2004. OsiriX: an open-source 
software for navigating in multidimensional DICOM images. 
Journal of Digital Imaging 17: 205–216. 
Rowlerson, A., Mascarello, F., Barker, D. and Saed, H. 1988. 
 99 
Muscle-spindle distribution in relation to the fibre-type 
composition of masseter in mammals. Journal of Anatomy 161: 
37–60. 
Roy, R. R., Hutchison, D. L., Pierotti, D. J., Hodgson, J. A. and Edgerton, 
V. R. 1991. EMG patterns of rat ankle extensors and flexors 
during treadmill locomotion and swimming. Journal of Applied 
Physiology 70: 2522–2529. 
Samuels, J. X. and Valkenburgh, B. V. 2008. Skeletal indicators of 
locomotor adaptations in living and extinct rodents. Journal of 
Morphology 269: 1387–1411. 
Samuels, J. X., Meachen, J. A. and Sakai, S. A. 2013. Postcranial 
morphology and the locomotor habits of living and extinct 
carnivorans. Journal of Morphology 274: 121–146. 
Sasaki, H. and Ono, Y. 1994. Habitat use and selection of the Siberian 
weasel Mustela sibirica coreana during the non-mating season. 
Journal of the Mammalogical Society of Japan 19: 21–32. 
Sato, J. J., Wolsan, M., Prevosti, F. J., D’Elía, G., Begg, C., Begg, Keith, B., 
 100 
Hosoda, T., Campbell, K. L. and Suzuki, H. 2012. Evolutionary 
and biogeographic history of weasel-like carnivorans 
(Musteloidea). Molecular Phylogenetics and Evolution 63: 
745–757. 
Savory, W. S. 1874. On the use of the ligamentum trees of the hip-joint. 
Journal of Anatomy and Physiology 8: 291–296. 
Smith, J. M. and Savage, R. J. G. 1956. Some locomotory adaptations in 
mammals. Journal of the Linnean Society of London, Zoology 42: 
603–622. 
Stein, B. R. 1981. Comparative limb myology of two opossums, Didelphis 
and Chironectes. Journal of Morphology 169: 113–140. 
Stein, B. R. 1988. Morphology and allometry in several genera of 
semiaquatic rodents (Ondatra, Nectomys, and Oryzomys). 
Journal of Mammalogy 69: 500–511. 
Stein, B. R. 1989. Bone-density and adaptation in semiaquatic mammals. 
Journal of Mammalogy 70: 467–476. 
Suzuki, S., Abe, M. and Motokawa, M. 2011. Allometric comparison of 
 101 
skulls from two closely related weasels, Mustela itatsi and M. 
sibirica. Zoological Science 28: 676–688. 
Tarasoff, F. J. 1972. Compartive aspects of the hind limbs of the river 
otter, sea otter and seals. Functional Anatomy of Marine 
Mammals 1: 333–359. 
Tarasoff, F. J., Bisaillo, A., Pierard, J. and Whitt, A. P. 1972. Locomotory 
patterns and external morphology of the river otter, sea otter, 
and harp seal (Mammalia). Canadian Journal of Zoology 50: 
915–929. 
Tatara, M. and Doi, T. 1994. Comparative analyses on food habits of 
Japanese marten, Siberian weasel and leopard cat in the 
Tsushima islands, Japan. Ecological Research 9: 99–107. 
Taylor, W. P. 1914. The problem of aquatic adaptation in the carnivora, as 
illustrated in the osteology and evolution of the sea-otter. 
Bulletin of the Department of Geology 7: 465–495. 
Toogood, P. A., Skalak, A. and Cooperman, D. R. 2009. Proximal femoral 
anatomy in the normal human population. Clinical orthopaedics 
 102 
and related research 467: 876–885. 
Voss, R. S. 1988. Systematics and ecology of ichtyomyine rodents 
(Muroidae): Patterns of morphological evolution in a small 
adaptive radiation. Bulletin of the American Museum of Natural 
History 188: 260–493. 
Williams, T. M. 1983. Locomotion in the North American mink, a 
semi-aquatic mammal. I. Swimming energetics and body drag. 
Journal of Experimental Biology 103: 155–168. 
Williams, T. M. 1989. Swimming by sea otters: adaptations for low 
energetic cost locomotion. Journal of Comparative Physiology A 
Sensory Neural and Behavioral Physiology 164: 815–824. 
Wilson, D. E. and Reeder, D. M. 2005. Mammal Species of the World, 3rd 
edition. Johns Hopkins University Press, Baltimore, 2142 pp.  
Windle, B. C. A. and Parsons, F. G. 1898. The myology of the terrestrial 
Carnivora. Part II. Proceedings of the Zoological Society of 
London 66: 152–186.
 103 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tables and figures 
 
Table 1-1  Specimens used in the Chapter 1 and 2
Species Specimen no. Sex Locality Country
Enhydra lutris UMUT108392 male domestic Japan
UMUT12247 female domestic Japan
UMUT13047 male domestic Japan
ODA220080522-01 male domestic Japan
Lutra lutra AKOC310006 male Gangwon Korea
AKOC10020 male Busan Korea
AKOC10039 male Ulsan Korea
AKOC10022 female Hwacheon Korea
AKOC10001 male Unknown Korea
Neovison vison UMUT11026 male Fukushima Japan
UMUT11027 male Fukushima Japan
UMUT11028 male Fukushima Japan
UMUT11029 female Fukushima Japan
NSM4T-M39251 female Hokkaido Japan
Mustela itatsi SS51001 male Sizuoka Japan
SS1002 male Sizuoka Japan
UMUT13044 male Tokyo Japan
UMUT13045 male Saitama Japan
UMUT13046 male Gifu Japan
KPM6-NF1004898 male Kanagawa Japan
KPM-NF1004897 male Kanagawa Japan
Mustela sibirica SS5 male Kyoto Japan
SS15 male Kyoto Japan
SS22 male Kyoto Japan
SS27 male Kyoto Japan
SS1003 male Kyoto Japan
1 UMUT, The University Museum, the University of Tokyo
2  ODA, Private collection belonging to Sen-ichi Oda
3 AKOC, Association of Korean Otter Conservation
4 NSM, National Museum of Nature and Science, Tokyo
5 SS, Private collection belonging to Satoshi Suzuki
6 KPM, Kanagawa Prefectural Museum of Natural History
Table 2-1  Nomenclature of hind limb muscles in this and previous studies
Fisher 1942 (Lontra canadensis) Howard 1975 (Enhydra lutris) Kingener 1979 (Neovison vison) Evans 1993 (Canis lupus) This study
Gluteus maximus Gluteus maximus Gluteus maximus Gluteus superficialis Gluteus superficialis
Gluteus medius Gluteus medius Gluteus medius Gluteus medius Gluteus medius
Gluteus minimus Gluteus minimus Gluteus minimus Gluteus profundus Gluteus profundus
Pyriformis Piriformis ---- Piriformis Piriformis
Gemellus superior (Iliocapsularis) ---- Gluteus profundus Iliocapsularis
Gemellus medius Gemelli Gemellus superior Gemelli Gemelli
Gemellus inferior Gemelli Gemellus inferior Gemelli Gemelli
Quadratus femoris Iliocapsularis (quadratus femoris) Quadratus femoris Quadratus femoris Quadratus femoris
Obturator externus Obturator externus Obturator externus Obturator externus Obturator externus
Obturator internus Obturator internus Obturator internus Obturator internus Obturator internus
Iliopsoas Iliopsoas Iliopsoas Iliopsoas Iliopsoas
Tensor faciae latae ---- Tensor faciae latae Tensor faciae latae Tensor faciae latae
Biceps femoris Biceps femoris Biceps femoris Biceps femoris Biceps femoris
Tenuissimus Tenuissimus Tenuissimus Abductor cruris caudalis (tenuissimus) Tenuissimus
Caudofemoralis Caudofemoralis Femorococcygeus (Caudofemoralis) ---- Caudofemoralis
Semitendinosus Semitendinosus Semitendinosus Semitendinosus Semitendinosus
Semimembranosus Semimembranosus Semimembranosus Semimembranosus cranial head Semimembranosus cranialis
---- ---- Presemimembranosus Semimembranosus caudal head Semimembranosus caudalis
Presemimembranosus Presemimembranosus ---- ---- Presemimembranosus
Sartorius Sartorius Sartorius Sartorius Sartorius
Gracilis Gracilis Gracilis Gracilis Gracilis
Adductor femoris Adductor femoris Adductor magnus Adductor magnus et brevis Adductor
Adductor longus Adductor longus Adductor longus Adductor longus Adductor
Pectineus Pectineus ---- Pectineus Pectineus
Rectus femoris Rectus femoris Rectus femoris Rectus femoris Rectus femoris
Vastus lateralis Vastus lateralis Vastus lateralis Vastus lateralis Vastus lateralis
Vastus medialis Vastus medialis Vastus medialis Vastus medialis Vastus medialis
---- ---- Vastus intermedius Vastus intermedius Vastus intermedius
Gastrocnemius Gastrocnemius Medial head, gastrocnemius Medial head, gastrocnemius Gastrocnemius caputo medius
---- ---- Lateral head, gastrocnemius Lateral head, gastrocnemius Gastrocnemius caputo lateralis
Plantaris Plantaris Flexor digitorum superficialis Flexor digitorum superficialis Plantaris
Soleus ---- ---- ---- Soleus
Table 2-1 continued)
Table 2-1 continued)
Fisher 1942 (Lontra canadensis) Howard 1975 (Enhydra lutris) Kingener 1979 (Neovison vison) Evans 1993 (Canis lupus) This study
Popliteus Popliteus Popliteus Popliteus Popliteus
Flexor longus digitorum Flexor digitorum longus Flexor digitorum longus Flexor digitorum longus Flexor digitorum longus
Flexor longus hallucis Flexor hallucis longus Flexor hallucis longus Flexor hallucis longus Flexor hallucis longus
Tibialis posterior Tibialis posterior Tibialis caudalis (Tibialis posterior) Tibialis caudalis Tibialis caudalis
Peroneus longus Peroneus longus Fibularis longus (Peroneus longus) Peroneus longus Peroneus longus
Peroneus digiti quinti Peroneus digiti quinti Extensor digitorum lateralis (Peroneus tertius) Extensor digitorum lateralis Peroneus digiti quinti
Peroneus brevis Peroneus brevis Fibularis brevis Peroneus brevis Peroneus brevis
Extensor longus digitorum Extensor digitorum longus Extensor digitorum longus Extensor digitorum longus Extensor digitorum longus
Tibialis anterior Tibialis anterior Tibialis cranialis (Tibialis anterior) Tibialis cranialis Tibialis cranialis
Extensor brevis digitorum Extensor digitorum brevis ---- Extensor digitorum brevis Extensor digitorum brevis
Flexor brevis digitorum Flexor digitorum brevis ---- Interflexorii Flexor digitorum brevis
Quadratus plantae Quadratus plantae ---- Quadratus plantae Quadratus plantae
Lunbricales Lunbricales ---- Lunbricales Lunbricales
Abductor medius digiti quinti ---- ---- Interosseous Interosseus
Adductor medius digiti quinti ---- ---- Adductor digiti quinti Interosseus
Opponens digiti quinti Opponens digiti quinti ---- Adductor digiti quinti Interosseus
Calcaneometatarsalis Calcaneometatarsalis ---- ---- Calcaneometatarsalis
Adductor brevis hallucis ---- ---- ---- Interosseus
Abductor medius hallucis ---- ---- ---- Interosseus
Extensor hallucis proprius Extensor hallucis proprius (longus) Extensor hallucis longus Extensor hallucis longus Extensor hallucis longus
Abductor medius digiti secundi ---- ---- Abductor medius digiti secundi Interosseus
Interosseus Interosseus ---- Interosseus Interosseus
Table 2-2   The abbreviations of muscles and muscle groups examined in the Chapter 2
Grouping Contained muscles
IP Iliopsoas
GSFCTFL Gluteus superficialis, Tensor fasciae latae, Caudofemoralis
GMPI Gluteus medius, Piriformis
GPAC Gluteus profundus, Iliocapsularis
OE Obturator externus
OIGE Gemelli, Obturator internus
QF Quadratus femoris
RF Rectus femoris
V3 Vastus lateralis, Vastus medialis, Vastus intermedius
BFSTTE Biceps femoris, Tenuissimus, Semitendinosus
SMCR Semimembranosus cranialis
SMCA Semimembranosus caudalis
SAR Sartorius
GLA Gracilis
PEC Pectineus
ADD Adductor 
TCREHL Tibialis cranialis, Extensor hallucis longus
TCA Tibialis caudalis
FI3 Peroneus longus, Peroneus digiti quinti, Peroneus brevis
EDL Extensor digitorum longus
GLAT Gastrocnemius caputo latelaris
GMED Gastrocnemius caputo medialis
PLA Plantaris
FHL Flexor hallucis longus
FDL Flexor digitorum longus
POP Popliteus
PESB Extensor digitorum brevis, Flexor digitorum brevis, Quadratus plantae,
Lumbricales, Interosseus, Calcaneometatarsalis
SOL Soleus
E. lutris L. lutra N. vison M. itatsi
L. lutra 18.4
N. vison 24.4 24.4
M. itatsi 22.0 22.1 18.6
M. sibirica 22.1 22.1 18.7 6.4
Table 2-3    Extracted data of cytochrome b gene patristic
distances for 1140bp in the five species that were applied to the
partial Mantel test; from Marmi et al. (2004)
The accession numbers of National Center for Biotechnology
Information for samples used in making the phylogenetical
distance matrix from cytochrome b analyses by Marmi et al.
(2004) are as follows: M. sibirica, AB026108, AB051242,
AB051243; M. itatsi, AB026104; N. vison, AB026109, AF057129;
L. lutra, AF057124, X94923; E. lutris, AB051244, AF057120,
X94924.
Enhydra lutris Lutra lutra Neovison vison Mustela itatsi Mustela sibirica
Groups mean SD1 mean SD mean SD mean SD mean SD
IP 1.751 0.316 1.229 0.139 I S 1.590 0.245 2.030 0.201 L 1.818 0.309 L
GSFCTFL 3.161 0.323 L V I S 1.751 0.086 E 1.643 0.203 E 1.730 0.107 E 1.819 0.188 E
GMPI 4.073 0.376 L V I S 2.226 0.141 E V 1.790 0.141 E L 1.934 0.165 E 1.984 0.282 E
GPAC 0.425 0.086 0.343 0.047 S 0.316 0.039 S 0.275 0.034 S 0.220 0.021 L V I
OE 0.994 0.149 L V I S 0.556 0.046 E I S 0.500 0.039 E 0.455 0.056 E L 0.415 0.047 E L
OIGE 0.227 0.064 V I S 0.231 0.011 V I S 0.412 0.079 E L 0.407 0.041 E L 0.381 0.057 E L
QF 0.077 0.033 L I S 0.182 0.009 E 0.142 0.037 0.178 0.034 E 0.236 0.050 E
RF 1.298 0.198 L V I S 1.901 0.138 E 1.989 0.196 E 2.094 0.073 E 2.202 0.269 E
V3 2.133 0.411 V I S 2.967 0.349 S 3.351 0.075 E I S 3.612 0.094 E V 3.932 0.256 E L V
BFSTTE 5.019 0.464 S 5.615 0.339 S 5.534 0.470 S 5.980 0.572 6.662 0.402 E L V
SMCR* 1.946 0.139 L I 2.619 0.247 E 2.314 0.311 2.298 0.194 E 2.553 0.343
SMCA 1.158 0.110 L V I S 2.480 0.179 E I 2.260 0.155 E I 3.130 0.216 E L V 3.136 0.515 E
SAR* 2.099 0.393 1.704 0.148 1.843 0.247 2.124 0.324 2.107 0.307
GLA* 1.032 0.187 L V S 1.544 0.216 E 1.809 0.286 E 1.406 0.085 1.556 0.184 E
PEC 0.436 0.062 0.347 0.065 0.329 0.035 0.270 0.115 0.348 0.048
ADD 1.982 0.159 L V I S 2.675 0.224 E 2.665 0.229 E 2.618 0.295 E 2.613 0.189 E
TCREHL* 1.137 0.477 1.433 0.138 1.275 0.061 1.217 0.088 1.230 0.112
TCA 0.614 0.316 0.331 0.053 0.303 0.040 0.247 0.057 0.255 0.080
FI3 1.286 0.095 L V I S 0.767 0.106 E 0.815 0.062 E 0.773 0.045 E 0.695 0.055 E
EDL 0.757 0.122 0.636 0.099 0.559 0.034 0.585 0.042 0.495 0.048
GLAT 1.131 0.108 V S 1.227 0.085 1.407 0.098 E 1.393 0.145 1.588 0.237 E
GMED 2.394 0.129 L I S 2.048 0.104 E I S 1.685 0.495 1.708 0.093 E L 1.757 0.147 E L
PLA* 1.134 0.137 1.214 0.053 1.104 0.118 1.129 0.077 1.166 0.053
FHL 0.541 0.050 L V I 0.913 0.065 E 1.034 0.121 E 0.911 0.069 E 0.910 0.307
FDL* 0.260 0.048 0.278 0.051 0.297 0.049 0.338 0.050 0.262 0.050
POP 0.513 0.020 L V I S 0.300 0.035 E 0.341 0.018 E S 0.294 0.039 E 0.240 0.030 E V
PESB* 1.010 0.156 1.098 0.198 1.041 0.114 0.893 0.214 0.877 0.238
SOL 0.000 0.000 L V I S 0.166 0.031 E 0.248 0.046 E S 0.162 0.010 E 0.141 0.024 E V
Table 2-4    Mean values, standard deviations and interspecific significant differences of measurements for geometric mean scaled muscle masses
Muscle groups are defined in Table 2-2. Asterisks indicate no significant differences between the 5 species for that muscle group (p>0.05).
1 SD, standard deviations.
2 vs., species that showed significant differences in univariate ANOVA tests at the P < 0.05 level using Games-Howell's tests post hoc procedure (E,
Enhydra lutris; L, Lutra lutra; V, Neovison vison; I, Mustela itatsi; S, Mustela sibirica.)
vs.2 vs. vs. vs. vs.
Table 2-5  Factor loadings of muscle weights of PCA
PC1 PC2 PC3
IP 0.13 0.65 -0.47
GSFCTFL -0.88 0.36 0.04
GMPI -0.92 0.22 0.16
GPAC -0.78 -0.42 -0.09
OE -0.96 0.01 0.02
OIGE 0.59 0.09 -0.63
QF 0.75 0.13 0.27
RF 0.88 0.14 0.05
V3 0.90 0.24 -0.11
BFSTTE 0.68 0.46 0.39
SMCR 0.57 -0.17 0.53
SMCA 0.87 0.21 0.04
SAR 0.08 0.72 0.15
GLA 0.64 -0.22 0.08
PEC -0.52 -0.03 0.04
ADD 0.73 -0.07 0.18
TCREHL 0.11 -0.76 0.25
TCA -0.70 0.34 0.05
FI3 -0.92 0.11 -0.12
EDL -0.77 -0.13 0.11
GLAT 0.68 0.22 0.10
GMED -0.71 0.03 0.39
PLA -0.01 -0.45 0.35
FHL 0.64 -0.41 -0.21
FDL 0.22 -0.24 -0.54
POP -0.92 0.03 -0.20
PESB -0.28 -0.76 -0.15
SOL 0.75 -0.44 -0.18
 EV1 13.28 3.70 2.04
PVE2 47.44 13.22 7.30
CPVE3 47.44 60.66 67.96
Muscle groups are defined in Table 2-2.
1 EV, Eigen values
2 PVE, The percentage of the variation
explained
3 CPVE, The cumulative percentage of the
variation explained.
Table 2-6  The correlation coefficient of partial Mantel test of muscle weights PCA
Mo1 vs Ec2 Mo vs Ph3 Ec vs Ph Mo vs Ec - Ph Mo vs Ph - Ec
PC1 0.74 0.37 0.45 0.70 n.s.4
PC2 n.s. n.s. 0.45 n.s. n.s.
PC3 n.s. n.s. 0.45 n.s. n.s.
1 Mo, Morphological distance matrix
2 Ec, Ecological distance matrix
3 Ph, Phylogenetic distance matrix
4 n.s., not significant
Table 3-1  Specimens used in the Chapter 3
Species Specimen no. Sex Locality Country
Enhydra lutris UMUT112247 female (domestic) Japan
ODA2 male (domestic) Japan
NSM337707 female (domestic) Japan
USNM4271748 male Alaska United States
USNM265075 male Alaska United States
USNM21336 male Kamchatka Russia
USNM49459 unknown Kamchatka Russia
USNM396641 male unknown unknown
USNMA03642 unknown Oregon United States
USNM49492 unknown unknown Russia
USNM13304 unknown unknown unknown
USNM93954 male Washington United States
USNM271749 unknown Alaska United States
Lutra lutra NSM16201 female Kochi Japan
NSM33858 male unknown unknown
NSM33859 female unknown unknown
NSM19652 unknown unknown unknown
NSM17237 male Chiba Japan
AKOC510006 male Gangwon Korea
AKOC10020 male Busan Korea
AKOC10039 male Ulsan Korea
AKOC10022 female Hwacheon Korea
AKOC10001 male unknown Korea
Neovison vison HIR616 male Kagawa Japan
HIR18 male Kagawa Japan
HIR19 male Kagawa Japan
HIR20 male Kagawa Japan
HIR21 male Kagawa Japan
HIR22 male Kagawa Japan
HIR28 male Kagawa Japan
HIR29 male Kagawa Japan
HIR44 male Kagawa Japan
HIR45 male Kagawa Japan
Mustela itatsi ABE793 male Hyogo Japan
ABE94 male Hyogo Japan
ABE95 male Hyogo Japan
ABE96 male Hyogo Japan
ABE97 male Hyogo Japan
ABE98 male Hyogo Japan
ABE100 male Hyogo Japan
ABE101 male Hyogo Japan
ABE102 male Hyogo Japan
ABE129 male Hyogo Japan
ABE131 male Hyogo Japan
ABE132 male Hyogo Japan
ABE133 male Hyogo Japan
(Table 3-1 continued)
(Table 3-1 continued)
Species Specimen no. Sex Locality Country
Mustela itatsi ABE134 male Hyogo Japan
ABE135 male Hyogo Japan
ABE136 male Hyogo Japan
ABE138 male Hyogo Japan
ABE139 male Hyogo Japan
ABE141 male Hyogo Japan
ABE142 male Hyogo Japan
ABE143 male Hyogo Japan
ABE144 male Hyogo Japan
ABE145 male Hyogo Japan
ABE146 male Hyogo Japan
KPM8-NF1004897 male Kanagawa Japan
KPM-NF1004898 male Kanagawa Japan
Mustela sibirica ABE35 male Hyogo Japan
ABE42 male Hyogo Japan
ABE117 male Hyogo Japan
ABE137 male Hyogo Japan
ABE140 male Hyogo Japan
ABE151 male Hyogo Japan
ABE153 male Hyogo Japan
ABE173 male Hyogo Japan
ABE189 male Hyogo Japan
ABE212 male Hyogo Japan
ABE213 male Hyogo Japan
ABE224 male Hyogo Japan
ABE228 male Hyogo Japan
ABE285 male Hyogo Japan
ABE287 male Hyogo Japan
ABE288 male Hyogo Japan
ABE294 male Hyogo Japan
ABE591 male Hyogo Japan
ABE600 male Hyogo Japan
ABE662 male Hyogo Japan
ABE663 male Hyogo Japan
ABE713 male Hyogo Japan
ABE737 male Hyogo Japan
1UMUT, The University Museum, The University of Tokyo
2ODA, Private collection belonging to Sen-ichi Oda
3NSM, National Museum of Nature and Science, Tokyo
4USNM, Smithsonian Institution National Museum of Natural History.
5AKOC, Association of Korean Otter Conservation
6HIR, Private collection belonging to Satoshi Kawaguchi
7ABE, Private collection belonging to Mikiko Abe
8KPM, Kanagawa Prefectural Museum of Natural History
Table 3-2  Osteological measurements used in the analysis
Abbreviation Measurement definitions
FL* Maximum length of femur from upper rim of the head of femur to medial condyle parallel with femoral body axis.
FGT* Breadth from femoral head to greater trochanter of femur.
FAPD Anterior-posterior width of midpoint of femoral body.
FMLD Lateral-medial width of midpoint of femoral body.
FEB* Breadth from medial epicondyle to lateral epicondyle of femur.
TL* Length of tibia from anterior rim of medial condyle to anterior rim of articular surface of the distal extremity of the tibia.
TSL* Length from anterior rim of medial condyle to distal extension of the tibial tuberosity (spine)
TAPD Anterior-posterior width of midpoint of tibial body.
TMLD Lateral-medial width of midpoint of tibial body.
PL* Maximum length of pelvis from posterior end of ischium to anterior end of iliac wing.
IL* Length from anterior rim of acetabulum to distal end of iliac wing.
Measurements used are illustrated in Figure 3-1.  Asterisked measurements were used in the principal component analysis. The
measurements were referred from Samuels et al. (2013).
Abbreviation Explanation
CI Crural index TL/FL; Tiibial length divided by femur length.
Indicates relative proportions of proximal and
distal elements of the hindlimb.
FRIAP Femoral robustness index FAPD/FL; Anteroposterior diameter of femur
divided by femur length.
FRIML Femoral robustness index FMLD/FL; Mediolateral diameter of femur
divided by femur length.
GI Gluteal index FGT/FL; Length of distalextension of the greater
trochanter of the femur divided by femur length.
Indicates relative mechanical advantage of the
gluteal muscles used in retraction of the femur.
FEI Femoral epicondylar index FEB/FL; Epicondylar breadth of femur divided
by femur length. Indicates robustness of the tibia
and its ability to resist bending and shearing
stress.
TRIAP Tibial robustness index TMLD/TL; Mediolateral diameter of tibia divided
by tibia length. Indicates robustness of the tibia
and its ability to resist bending and shearing
stress.
TRIML Tibial robustness index TAPD/TL; Anteroposterior diameter of tibia
divided by tibia length. Indicates robustness of
the tibia and its ability to resist bending and
shearing stress.
TSI Tibial spine index TSL/TL; Length of distal extension of the tibial
tuberosity (spine) divided by tibia length.
Indicates relative mechanical advantage of the
hamstrings and biceps femoris muscles acting
across the knee and hip joint.
GPI Gluteal pelvis index IL/PL; Length of  ilium divided by pelvis length.
Indicates relative length of the ilium to pelvis.
PFI Pelvis femoral index PL/FL; Length of pelvis divided by femoral
length. Indicates relative length of the pelvis to
femur.
PTI Pelvis tibial index PL/TL; Length of pelvis divided by tibial length.
Indicates relative length of the pelvis to tibia.
Abbreviations of measurements are defined in Table 3-2.
Table 3-3 Bone indices  
Table 3-4    Mean values, standard deviations and interspecific significant differences of geometric mean scaled bones measurements
Items n1 mean  SD2 n mean SD n mean SD n mean SD n mean SD
FL 13 0.811 0.012 L V I S 10 0.922 0.012 E V I S 10 1.011 0.005 E L I S 26 1.052 0.011 E L V S 24 1.085 0.011 E L V I
FGT 13 0.313 0.010 L V I S 10 0.279 0.014 E V I S 10 0.259 0.004 E L I S 23 0.225 0.006 E L V 24 0.228 0.010 E L V
FAPD 13 0.098 0.014 V I S 5 0.086 0.005 V I 10 0.068 0.005 E L I S 24 0.076 0.005 E L V 24 0.078 0.004 E V
FMLD 13 0.136 0.010 L V I S 5 0.098 0.006 E V I S 10 0.084 0.005 E L 24 0.083 0.004 E L 24 0.084 0.004 E L
FEB 13 0.244 0.007 V I S 10 0.234 0.014 V I S 10 0.200 0.006 E L I S 23 0.191 0.007 E L V S 24 0.183 0.009 E L V I
TL 13 0.934 0.013 L V I S 10 0.988 0.024 E V I S 10 1.056 0.009 E L S 26 1.060 0.013 E L S 24 1.041 0.013 E L V I
TSL 13 0.435 0.022 I S 10 0.445 0.019 V I S 10 0.417 0.014 L I S 26 0.394 0.015 E L V S 24 0.377 0.024 E L V I
TAPD 13 0.098 0.007 V I S 5 0.101 0.008 V I S 9 0.080 0.006 E L 24 0.082 0.005 E L 24 0.084 0.006 E L
TMLD 13 0.075 0.009 V I S 5 0.073 0.005 V I S 9 0.063 0.005 E L 24 0.060 0.004 E L 24 0.063 0.004 E L
PL 13 1.320 0.024 L V I S 10 1.099 0.025 E V I S 10 0.936 0.009 E L I S 26 0.897 0.015 E L V S 24 0.886 0.012 E L V I
IL 13 0.589 0.025 L V I S 10 0.492 0.023 E 10 0.488 0.007 E 26 0.481 0.007 E 23 0.480 0.011 E

Enhydra lutris Lutra lutra Neovison vison Mustela itatsi Mustela sibirica
Abbreviations of measurements are defined in Table 3-2.
1 n, sample size.
2 SD, standard deviations.
3 vs., species that showed significant differences in univariate ANOVA tests at the P < 0.05 level using Games-Howell's tests post hoc procedure (E, Enhydra lutris. L, Lutra lutra. V,
Neovison vison. I, Mustela itatsi. S, Mustela sibirica)
vs.3 vs. vs. vs. vs.
Table 3-5  Factor loadings of skeletal measurements of PCA
PC1 PC2 PC3
FL -0.98 -0.02 0.00
FGT 0.96 -0.06 -0.13
FEB 0.94 -0.17 -0.23
TL -0.93 -0.22 0.10
TSL 0.75 -0.62 0.22
PL 0.99 0.13 -0.01
IL 0.87 0.38 0.30
EV1 7.13 1.66 1.41
PVE2 59.41 13.86 11.78
CPVE3 59.41 73.26 85.04
The abbreviation of bone measurement are defined in
Table 3-2.
1 EV, Eigen values
2 PVE, The percentage of the variation explained
3 CPVE, The cumulative percentage of the variation
explained
Table 3-6  Mean values, standard deviations and interspecific significant differences of bone indices
Indices n1 mean  SD2 n mean SD n mean SD n mean SD n mean SD
CI 13 1.15 0.03 L V I S 10 1.07 0.03 E I S 10 1.04 0.01 E I S 26 1.01 0.02 E L V S 24 0.96 0.02 E L V I
FRIAP 13 0.12 0.02 L V I S 5 0.09 0.00 E V I S 10 0.07 0.00 E L 24 0.07 0.01 E L 24 0.07 0.00 E L
FRIML 13 0.17 0.01 L V I S 5 0.11 0.01 E V I S 10 0.08 0.01 E L 24 0.08 0.00 E L 24 0.08 0.00 E L
GI 13 0.39 0.01 L V I S 10 0.30 0.02 E V I S 10 0.26 0.00 E L I S 23 0.21 0.01 E L V 24 0.21 0.01 E L V
FEI 13 0.30 0.01 L V I S 10 0.25 0.01 E V I S 10 0.20 0.01 E L I S 23 0.18 0.01 E L V S 24 0.17 0.01 E L V I
TRIAP 13 0.10 0.01 V I S 5 0.10 0.01 V I S 9 0.08 0.01 E L 24 0.08 0.01 E L 24 0.08 0.01 E L
TRIML 13 0.08 0.01 V I S 5 0.07 0.00 V I S 9 0.06 0.00 E L 24 0.06 0.00 E L S 24 0.06 0.00 E L I
TSI 13 0.47 0.02 V I S 10 0.45 0.02 V I S 10 0.39 0.01 E L I S 26 0.37 0.01 E L V 24 0.36 0.02 E L V
GPI 13 0.45 0.02 V I S 10 0.45 0.02 V I S 10 0.52 0.01 E L I S 26 0.54 0.01 E L V 24 0.54 0.01 E L V
PFI 13 1.63 0.05 L V I S 10 1.19 0.03 E V I S 10 0.93 0.01 E L I S 26 0.85 0.02 E L V S 24 0.82 0.02 E L V I
PTI 13 1.41 0.04 L V I S 10 1.11 0.05 E V I S 10 0.89 0.02 E L I S 26 0.85 0.02 E L V 23 0.85 0.02 E L V

Enhydra lutris Lutra lutra Neovison vison Mustela itatsi Mustela sibirica
1n, sample size.
2SD, standard deviations.
3vs., it is filled that the significant differences between the muscle groups in univariate ANOVA tests at the P < 0.05 level using Games-Howell's tests post hoc procedure and
indicated by the following symbols: E, Enhydra lutris; L, Lutra lutra;  V, Neovison vison;  I, Mustela itatsi; S, Mustela sibirica.
The abbreviations of bone indicess are defined in Table 3-3.
vs.3 vs. vs. vs. vs.
Table 3-7  The correlation coefficients of partial mantel test of skeletal PCA
Mo1 vs Ec2 Mo vs Ph3 Ec vs Ph Mo vs Ec - Ph Mo vs Ph - Ec
PC1 0.89 0.64 0.45 0.88 0.60
PC2 n.s.4 n.s. 0.45 n.s. n.s.
PC3 n.s. n.s. 0.45 n.s. n.s.
1 Mo, Morphological distance matrix
2 Ec, Ecological distance matrix
3 Ph, Phylogenetic distance matrix
4 n.s., not significant
Table 3-8  The correlation coefficients of partial mantel test of bone indices
Indices Mo1 vs Ec2 Mo vs Ph3 Ec vs Ph Mo vs Ec - Ph Mo vs Ph - Ec
CI    0.91 n.s. 0.45 0.90 n.s.
FRIAP 0.80 0.56 0.45 0.75 n.s.
FRIML 0.77 0.52 0.45 0.70 n.s.
GI  0.81 0.59 0.45 0.76 n.s.
FEI   0.92 0.63 0.45 0.92 0.62
TRIAP 0.77 0.68 0.45 0.71 0.59
TRIML 0.84 0.62 0.45 0.80 n.s.
TSI   0.91 0.67 0.45 0.91 0.70
GPI   0.77 0.70 0.45 0.72 0.63
PFI   0.85 0.57 0.45 0.81 n.s.
PTI   0.84 0.60 0.45 0.79 n.s.
The abbreviations of bone indices are defined in Table 3-3.
1 Mo, Morphological distance matrix
2 Ec, Ecological distance matrix
3 Ph, Phylogenetic distance matrix
4 n.s., not significant
Table 4-1  The list of specimens used in the Chapter 4
English name Family Species Sex Museum No. Thickness1
Sea otter Musteridae Enhydra lutris male UMUT213047 0.5
Eurasian river otter Musteridae Lutra lutra male AKOC310001 3.0
American mink Musteridae Neovison vison male UMUT14048 0.5
Japanese weasel Musteridae Mustela itatsi male SS432 0.5
Siberian weasel Musteridae Mustela sibirica male SS13 0.5
Japanese badger Musteridae Meles meles anakuma female UMUT14045 0.5
Japanease marten Musteridae Martes melampus male M5001 0.5
Racoon dog Procyonidae Procyon lotor female UMUT14046 0.5
Southern elephant seal Phocidae Mirounga leonina female UMUT14047 1.0
Spotted seal Phocidae Phoca largha male UMUT14049 0.5
1 Thickness indicats the section thiknesses (mm) when they were scaned by CT machines.
2 UMUT, The University Museum, The University of Tokyo
3 AKOC, Association of Korean Otter Conservation
4 SS, Private collection belonging to Satoshi Suzuk
5 M, Private collection belonging to Yasuhisa Nakajima
Table 4-2  Abbreviations of measurements in the Chapter 4
Abbreviation Content
AAF  Abduction angle of femur
AAO  Angle of acetabula opening
AA  Angle of acetabula
GA  Gamma angle
AAFN  Abduction angle of femoral neck
AFN  Angle of femoral neck 
FR  Femoral ratio
CAAF  Calculated angle of abduction of femur
Table 4-3  The results of measurement from CT images
AAF AAO AA GA AAFN AFN FR CAAF Diff.1
E. lutris 118.5 105.6 6.7 58.2 157.1 123.9 0.26 115.5 3.0
L. lutra 87.3 109.3 1.1 55.3 151.6 112.4 0.21 96.1 -8.8
M. melampus 85.9 148.2 -8.9 50.5 139.0 121.6 0.15 89.1 -3.3
M. meles 90.9 152.5 -16.6 40.4 132.1 126.7 0.18 88.9 2.0
M. itatsi 79.8 n.d.2 -13.4 n.d. 137.2 117.8 0.15 83.5 -3.7
N. vison 79.6 133.7 -9.1 56.3 131.6 127.9 0.17 89.0 -9.4
P. lotor 80.3 141.5 -18.6 59.2 123.8 137.1 0.15 89.4 -9.1
M. leonina 82.3 164.5 22.2 68.6 110.0 132.1 0.34 80.8 1.5
M. sibirica 78.8 n.d. -14.8 n.d. 128.6 124.8 0.14 81.4 -2.6
P. largha 67.3 130.7 -8.5 60.9 107.8 116.0 0.28 59.7 7.6
A unit of angle is a degree.
Abbreviations of the measurements are shown in Table. 4-2.
1 Diff., Difference between AAF and CAAF
2 n.d., No data.
11
13
14
1
18
10
12
24
Fig. 1-1 Lateral side aspect of hindlimb of L. lutra, first layer.
1, Gluteus superficialis; 10, Tensor fasciae latae; 11, Biceps femoris; 12, 
Tenuissimus; 13, Caudofemoralis; 14, Semitendinosus; 18, Sartorius; 24, Vastus 
lateralis. 
Fig. 1-2 Lateral side aspect of hindlimb of L. lutra, second layer.
2, Gluteus medius; 2’, Piriformis; 10, Tensor fasciae latae; 12, Tenuissimus ; 14’, 
Semitendinosus pelvic head; 14’’, Semitendinosus caudal head; 15, 
Semimembranosus cranialis; 16, Semimembranosus caudalis; 17, 
Presemimembranosus; 21, Adductor longus; 23, Rectus femoris; 24, Vastus lateralis; 
26, Gastrocnemius; 27, Plantaris; 28, Soleus; 33, Peroneus longus; 34, Peroneus 
digiti quinti; 36, Extensor digitorum longus; 37, Tibialis cranialis; 39, Extensor 
digitorum brevis group.
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Fig. 1-3 Lateral side aspect of hindlimb of L. lutra, third layer.
3, Gluteus profundus; 4, Iliocapsularis; 5, Gemelli; 6, Quadratus femoris; 8, 
Obturator internus; 10, Tensor fasciae latae; 15, Semimembranosus cranialis; 16, 
Semimembranosus caudalis; 17, Presemimembranosus; 21, Adductor longus; 23, 
Rectus femoris; 24, Vastus lateralis; 26, Gastrocnemius; 27, Plantaris; 28, Soleus; 
33, Peroneus longus; 34, Peroneus digiti quinti; 36, Extensor digitorum longus; 39, 
Extensor digitorum brevis group.
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Fig. 1-4 Lateral side aspect of hindlimb of L. lutra, fourth layer.
5, Gemelli; 6, Quadratus femoris; 7, Obturator externus; 8, Obturator internus; 23, 
Rectus femoris; 24, Vastus lateralis; 29, Popliteus; 31, Flexor hallucis longus; 35, 
Peroneus brevis; 38, Extensor hallucis longus; 39, Extensor digitorum brevis group.
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Fig. 1-5 Medial side aspect of hindlimb of L. lutra, first layer.
9, Iliopsoas; 14, Semitendinosus; 15, Semimembranosus cranialis; 16, 
Semimembranosus caudalis; 18, Sartorius; 19, Gracilis; 20’, Adductor femoris; 21, 
Adductor longus; 22, Pectineus; 23, Rectus femoris; 25, Vastus medialis; 26’, 
Gastrocnemius; 27, Plantaris; 29, Popliteus; 30, Flexor digitorum longus; 31, Flexor 
hallucis longus; 32, Tibialis caudalis; 37, Tibialis cranialis; a, Psoas minor.
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Fig. 1-6 Medial side aspect of hindlimb of L. lutra, second layer.
2, Gluteus medius; 3, Gluteus profundus; 9, Iliopsoas; 10, Tensor fasciae latae; 14, 
Semitendinosus; 15, Semimembranosus cranialis; 16, Semimembranosus caudalis; 
20’, Adductor femoris external part; 21, Adductor longus; 22, Pectineus; 23, Rectus 
femoris; 25, Vastus medialis; 26’, Gastrocnemius; 27, Plantaris; 29, Popliteus; 30, 
Flexor digitorum longus; 31, Flexor hallucis longus; 32, Tibialis caudalis; 37, Tibialis 
cranialis; a, Psoas minor.
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Fig. 1-7 Medial side aspect of hindlimb of L. lutra, third layer.
3, Gluteus profundus; 6, Quadratus femoris; 9, Iliopsoas; 10, Tensor fasciae latae; 
14’, Semitendinosus pelvic head; 14’’, Semitendinosus caudal head; 20’, Adductor 
femoris external part; 21, Adductor longus; 22, Pectineus; 23, Rectus femoris; 25, 
Vastus medialis; 26’, Gastrocnemius; 27, Plantaris; 29, Popliteus; 30, Flexor 
digitorum longus; 31, Flexor hallucis longus; 32, Tibialis caudalis; 37, Tibialis 
cranialis.
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Fig. 1-8 Medial side aspect of hindlimb of L. lutra, fourth layer.
6, Quadratus femoris; 9, Iliopsoas; 20’, Adductor femoris external part; 21, Adductor 
longus; 22, Pectineus; 23, Rectus femoris; 25, Vastus medialis; 28, Soleus; 29, 
Popliteus; 30, Flexor digitorum longus; 31, Flexor hallucis longus; 32, Tibialis 
caudalis; 37, Tibialis cranialis.
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Fig. 1-9 Medial side aspect of hindlimb of L. lutra, fifth layer.
6, Quadratus femoris; 9, Iliopsoas; 20’’, Adductor femoris internal part; 21, Adductor 
longus; 22, Pectineus; 23, Rectus femoris; 25, Vastus medialis; 30, Flexor digitorum 
longus; 31, Flexor hallucis longus; 32, Tibialis caudalis; 37, Tibialis cranialis.
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Fig. 1-10 Medial side aspect of hindlimb of L. lutra, sixth layer.
6, Quadratus femoris; 7, Obturator externus; 9, Iliopsoas; 23, Rectus femoris; 25, 
Vastus medialis; 31, Flexor hallucis longus; 32, Tibialis caudalis; 37, Tibialis 
cranialis.
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Fig. 1-11 Medial side aspect of hindlimb of L. lutra, seventh layer.
5, Gemelli; 8, Obturator internus; 23, Rectus femoris; 32, Tibialis caudalis; 37, 
Tibialis cranialis.
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Fig. 1-12 Lateral plantal aspect of hindlimb of L. lutra, first layer.
26, Gastrocnemius; 27, Plantaris; 33, Peroneus longus; 34, Peroneus digiti quinti; 
35, Peroneus brevis; 40, Flexor digitorum brevis; 41, Calcaneometatarsalis; 42, 
Quadratus plantae.
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Fig. 1-13 Lateral plantal aspect of hindlimb of L. lutra, second layer.
26, Gastrocnemius; 30, Flexor digitorum longus; 31, Flexor hallucis longus; 33, 
Peroneus longus; 35, Peroneus brevis; 41, Calcaneometatarsalis; 42, Quadratus 
plantae; 43-1, Lumbricales 1; 43-2, Lumbricales 2; 43-3, Lumbricales 3.
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Fig. 1-14 Lateral plantal aspect of hindlimb of L. lutra, third layer.
26, Gastrocnemius; 30, Flexor digitorum longus; 31, Flexor hallucis longus; 33, 
Peroneus longus; 35, Peroneus brevis; 44, Adductor brevis hallucis; 45, Adductor 
brevis annularis; 46, Adductor brevis quinti; 47, Interosseusr.
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Fig. 1-15 Lateral side aspect of hindlimb of E. lutris.
1, United muscle of Gluteus superficialis, Tensor fasciae latae and Caudofemoralis; 
1’, Insertion at greater trochanter; 1’’, Insertion at femoral shaft; 1’’’, Insertions at 
patella and tibial head; 2, Semitendinosus; 2’, Comunicate bundle from 
Semitendinosus to Biceps femoris; 3, Biceps femoris.  
Fig. 1-16 Cranial aspect of crus of E. lutris.
1, Tibialis cranialis; 2, Extensor digitorum longus; 3, Extensor hallucis longus; 4, 
Flexor tarsus.
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Fig. 1-17 Lateral side aspect of hindlimb of N. vison.
1, Gluteus superficialiss; 2,Tensor fasciae latae; 3, Caudofemoralis; 4’, 
Semitendinosus caudal head; 4’’, Semitendinosus pelvic head; 5, Biceps femoris; a, 
Sartorius.
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Fig. 2-1  The principal component plots between the first and second 
transformed variables from geometrical mean revised muscle weights. 
PC1, the first principal component. PC2, the second principal component. 
Numbers represent the percentage of the variation explained by the 
component. Ō, Enhydra lutris; ۂ, Lutra lutra; ی, Neovison vison; ڸ, 
Mustela itatsi; ʊ, Mustela sibirica. Filled marks indicate mean values of 
each species.
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Fig. 3-1  Bone measurements used in this chapter.  
The abbreviations are arranged in Table 3-2.
Fig. 3-2  The principal component plots between the first and second 
transformed variables from geometrical mean revised the values of 
bone measurements. PC1, the first principal component. PC2, the 
second principal component. Numbers represent the percentage of the 
variation explained by the component. Ō, Enhydra lutris; ▽, Lutra 
lutra; ◇, Neovison vison; △, Mustela itatsi; ʊ, Mustela sibirica. Filled 
marks indicate mean values of each species.
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